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INTRODUCTION 
The objective of this research effort is to develop efficient 
numerical techniques for the prediction of unsteady transonic flow 
past propfan configurations. A two-dimensional compressible 
Navier-Stokes solver, and a three-dimensional unsteady compressible 
Euler solver, developed at the Georgia Institute of Technology, are 
being modified to address this problem. 
SUMMARY OF PROGRESS 
During the reporting period, the 2-D compressible Navier-Stokes 
solver was modified as follows. A two-degree of freedom structural 
model was developed, and incorporated into the computer code. This 
modification allows the airfoil fluid dynamics and the structural 
dynamics equations to be simultaneously integrated in time. The 
airfoil undergoes oscillatory pitching, and plunging motion as a 
result of the aerodynamic forces acting on the structure. In return, 
the resultant change in the airfoil angle of attack, its angular 
velocity in,pitch, and its plunging velocity alter the aerodynamic 
forces. The modifications incorporated allow this fluid -structure 
interaction to be studied in detail, for a user input set of 
structural parameters, airfoil shape, and mean flow Mach number and 
angle of attack. 
The modified code was exercised by performing a number of 
transonic and subsonic flutter calculations, for small and large angle 
of attack conditions, for thick and thin airfoils, with and without 
viscous effects considerations. Some preliminary computations for the 
stall flutter of airfoils were also carried out. These calculations 
have been documented in a paper to be presnted at the AIAA Dynamics 
Specialists Conference in May 1987. 
PLANNED EFFORT FOR THE PERIOD DEC. 1, 1986- JUNE 1, 1987 
During the period Dec. 1, 1986 - June 1, 1987, the 2-D 
Navier-Stokes solver will be tested further by a number of 
calculations in the high transonic Mach number regime. An attempt will 
be made to predict the transonic dip phenomenon which is characterized 
by an abrupt drop in the flutter speed as Mach number is increased. 
A three-dimensional Euler solver developed by the principal 
investigator for rotary wing applications will be modified to handle 
propfan problems. A 0-H grid topology will be used, and an algebraic 
grid generator which can handle arbitrarily shaped propfan blades will 
be developed. 
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INTRODUCTION 
The objective of this research is to develop efficient numerical techniques 
for the prediction of unsteady transonic flow past propfan configurations. A 
two-dimensional compressible Navier-Stokes solver, and a three-dimensional 
unsteady Euler solver, both developed at the Georgia Institute of Technology, are 
being modified to address this problem. 
SUMMARY OF PROGRESS 
During the previous reporting period (June 1- November 30, 1986) the 2-D 
compressible Navier-Stokes solver had been modified for numerical simulation of 
stall flutter and transonic flutter phenomena. During the current reporting 
period, a number of calculations were made using this solver to predict the 
transonic flutter speed of a NACA 0012 airfoil as a function of the freestream 
Mach number. The airfoil was allowed to pitch and plunge, and the structural 
stiffness and damping parameters were the same as those used by other investi-
gators who have studied this problem. In Figure 1, the flutter speed is plotted 
as a function of Mach number. It is seen that the present approach predicts the 
dip in the flutter speed that occurs in the Mach number range 0.80 < M < 0.9 . 
The present theory however tends to underpredict the aerodynamic damping in the 
Mach number range 0.75 < M < 0.8 compared to other techniques. Effort is now 
underway for determining the cause of this behavior. First, a denser grid is used 
in the vicinity of the airfoil to determine the effect of grid spacing on the 
predicted flutter speeds. Second, a second order time marching scheme is being 
implemented in place of the first order time marching scheme presently in place. 
Stall flutter calculations are also being carried out for a number of 
propfan airfoil shapes. 
The 3-D Euler solver at Georgia Tech was modifed to solve the unsteady 
transonic flow past isolated propfan blades. An algebraically generated H-0 grid 
system, as well as a H-H grid system are being investigated. In Figure 2, a 
sample H-0 body-fitted grid around a typical blade-nacelle combination is shown. 
PLANNED RESEARCH EFFORT FOR THE PERIOD JUNE 1- NOV 30, 1987 
During the next reporting period, 3-D Euler calculations will be carried out 
for the blade nacelle combination shown in figure 2, for a set of flow conditions 
chosen in cooperation with researchers at NASA Lewis. Comparisons of the computed 
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INTRODUCTION 
The objective of this research is to develop efficient numerical techniques for 
the prediction of unsteady transonic flow past propfan configurations. A two-
dimensional compressible Navier-Stokes solver, and a three dimensional unsteady, 
compressible Euler solver, both developed at the Georgia Institute of Technology, 
are being modified to address this problem. 
SUMMARY OF PROGRESS 
2-D Transonic Flutter Studies 
During the previous reporting period (December 1, 1987 to April 30, 1988) the 
compressible Navier-Stokes code was successfuly applied to the problem of transonic 
flutter dip for airfoils of various shapes and thickness. The effect of viscosity was 
also studied. It was found that the thickness had more effect on the dip than the 
shape. Reducing the thickness, as expected, shifts the dip to higher Mach numbers, 
as the occurrence of shock is delayed. Also the recovery of the dip decreases with 
thickness. It was further found that angle of attack, viscosity and initial conditions 
had little effect on the minima of the dip, however they had noticeable effect away 
from the dip. These results along with other results and conclusions were presented 
at the 29 th SDM conference in Williamsburg, Virginia, Ref. 1. However, some 
problems were encountered for very thin airfoils at mean angles of attack. 
3-D Propfan Simulation 
During a previous reporting period December 1, 1986 to May 31, 1987 a H-0 grid 
had been generated. Use of this grid in the Euler solver led to some problems when 
applied to propfan blade geometry, because the grid wrapped around the blade 
tip. To alleviate this difficulty another H-0 body fitted grid has been developed 
1 
and is in the process of being applied to the three-dimensional Euler solver. A few 
sample grids are plotted in figure-1 for one blade of the ten bladed SR-7 propfan 
configuration. 
In the meantime the Euler solver was applied to an isolated propfan blade 
using an existing C grid within the code, similar to that in the two-dimensional 
solver. Due to the nature of the C-grid, it was not possible to model the nacelle. 
Some preliminary calculations were carried out for a tip Mach number of 0.8 and 
an advance ratio (J = V I nD) of 3.06. This set of flow conditions was chosen in 
co-operation with researchers at NASA Lewis. 
In the present computer code the flow field around a propfan blade can be 
modelled in three different ways: 
• The grid along with the blade can be moved with time to simulate the advanc-
ing of the blade in the free stream direction 
• The grid may be held stationary with respect to the blade, but the blade sees 
a forward velocity along with the rotational velocity 
• An effective aerodynamic twist, equivalent to an effective angle of attack, may 
be specified as a function of radial distance to an untwisted rotating blade. 
The effective angle of attack is based on the advance ratio, rotational speed 
and geometric twist. 
The large geometric twist of the planform results in a highly skewed grid. This 
caused numerical problems for the first and second methods. Hence the third option 
was used to compute the pressure distribution over the blade. The computed pres- 
sure distributions are compared with the experimental results available in figure-2. 
A fairly good pressure distribution correlation is found for the upper surface, 
in the outboard region. In the inboard region the prediction compares only quali- 
tatively. This is because of handling an isolated blade without the nacelle and also 
because the cascade effects are more significant inboard. Also the lower surface 
2 
prediction is very poorly correlated. It is felt that the flow might have artificially 
seperated in the Euler solver, due to the lack of viscous effects. This is being inves-
tigated. In the experimental results for the inboard stations, on the upper surface, 
there seems to be a vortex sitting near the leading edge. This vortex is understand-
ably not predicted by Euler solver as the leading edge vortex and tip vortices are 
primarily due to viscosity. It may be noted that predictions based on other existing 
solvers (full potential and Euler) also perform poorly on the pressure side (Ref. 2). 
PLANNED REASERCH FOR THE PERIOD MAY 1 - NOV 30 1988 
During the next reporting period, the new 11-0 grid will be implemented in the 
three-dimensional Euler solver. This will enable us to handle the effect of nacelle 
geometry and cascade effects. The cascade effects will be modelled by incorporating 
the periodic boundary condition on the outer boundaries. 
3 
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Figure-2a Pressure Distribution Comparison 
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Figure-2c Pressure Distribution Comparison 
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INTRODUCTION 
The objective of this research is to develop efficient techniques for the predic-
tion of unsteady transonic flow past propfan configurations. A three dimensional 
unsteady compressible Euler solver, developed at Georgia Institute of Technology, 
is being modified to adress this problem. This solver can easily be upgraded to a 
Navier-Stokes solver and also, with small modifications, can be apllied to address 
the flutter problem for the propfans. 
SUMMARY OF PROGRESS 
A new algebraic, body fitted 11-0 grid has been developed and implemented in 
the Euler solver. This grid, shown in figure-1, is a body fitted grid for the nacelle-
blade configuration. This permits to account for the effects of nacelle, and along 
with appropriate boundary conditions, allows to incorporate the effects of cascade. 
The grid generator is internal to the solver, this provides the flexibility of varrying 
the geometry with ease, for a parametric study. It takes less than 4 seconds to 
genarate a 50,000 point grid on the CRAY XMP at NASA Lewis. However the grid 
generator is in a modular form and can very easily be replaced by a better and more 
efficient generator. The Euler solver also has the provision to use a grid generated 
outside the solver. 
In order to improve the prediction of pressure distribution in the viscinity of the 
shock, the artificial dissipation model was improved. The explicit dissipation terms 
were modified to incorporate a combination of second and fourth order dissipation 
terms, in the streamwise direction. The coefficients of the second and fourth order 
terms varry, based on the magnitude of the local pressure gradient. A purely fourth 
order dissipation gives good solution, except near the shock where wiggles appear. 
Whereas a purely second order dissipation, while removing the wiggles near the 
shock, smears the leading edge suction peak. This results in predicting incorrect 
loads. The present model supresses, the fourth order terms in the viscinity of a 
1 
shock, and the second order terms near the leading edge suction peak. This scheme 
was suggested by Jameson et al.f1J. 
The code was also modified to simulate the blade motion by grid motion. This 
allows to solve the flow field for the exact blade planform. Some prliminary calcu-
lations, using this method, were carried out for a 2-bladed rotor and an 8-bladed 
rotor. For the 2-bladed rotor, the free stream Mach number was 0.78 and the 
advance ratio (J = V/nD) was 3.06. The 0 at 0.75R was set at 53.6 deg. The 
flow field around an 8-bladed rotor was also solved for the same flow conditions as 
the 2-bladed rotor. The power coefficient obtained was compared with experiment. 
There is some uncertainity with respect to the 0 at 0.75R hence it was suggested 
that the power coefficient be matched with the experiment to arrive at the appro-
priate 3 1 2]. This study is currently under progress. The pressure coefficients are 
plotted in figure-2 and compared with experiment, where available. The compari-
son, presently, is poor. This could be because of the uncertainity in the 0 setting 
angle. This is being investigated. 
A trial run was also made with another grid to study the effect of grid. This 
grid has been developed at NASA Lewis by Bruce J. Clark. Qualitatively both the 
grids gave similar results. Because the grids had different spacing in the normal 
direction, they predicted different shock strengths. Comparisons with similar grids 
is under progress. 
PLANNED RESEARCH for the PERIOD DEC 1 1988 - APR 30 1989 
During the next reporting period the correlation of pressure coefficient with 
experiment will be improved and the code will be validated against the experiment. 
The code will also be applied to unsteady flow conditions where nacelle will be at-
an angle of attack with respect to the free stream. An attempt will also be made to 
incorporate user specified unsteady motion to the blade to study the forced response 
characteristic of the propfan. This can be later upgraded to provide a capablity to 
2 
investigate the aeroelastic behaviour of the propfans by simultaneously integrating 
the structure and fluid equation of motion. 
3 
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INTRODUCTION 
The objective of this research is to develop efficient numerical 
techniques for the study of aeroelastic response of a propfan in an 
unsteady transonic flow. A three dimensional unsteady Euler solver, 
developed at Georgia Institute of Technology is being modified to address 
this problem. 
SUMMARY OF PROGRESS  
The Euler solver has been sufficiently modified to be able to efficiently 
solve unsteady transonic flow past the propfan. The capabilities of the 
solver can be summarized as follows : 
Grid Generation:  
A versatile grid generator has been developed to generate a 
curvilinear body fitted grid for propfan type geometry, having any 
number of blades and any planform shape. The grid is generated for one 
passage of the blade, between the upper surface of one blade and lower 
surface of the adjoining blade. This makes the solid blade surfaces as the 
zone boundary having inward surface normals. The nacelle is exactly 
modelled, except for the fact that a thin cylindrical extension is added 
upstream of the nose of the nacelle. This was necessary in order to avoid 
having zero metrics of transformation. The propfan code has been modified 
to accept the grid from the grid generator and analyze periodic flows, and 
propfans at angle of attack. 
A zonal grid such as this is ideally suited for propfan calculations. If 
only symmetric flowfield is of interest, solution in only one zone or one 
blade passage is sufficient. If unsymmetric flow field is of interest, solution 
of all blades is required. Solving the whole propfan geometry would lead to 
prohibitive memory requirements. A zonal treatment allows the solution 
with a reasonable memory requirement. A version of our solver allows the 
flow field variables of the zones to be stored on solid state devices and 
brought into computer core one zone at a time to be advanced through 
time one time step at a time. The grid for other zones is generated simply 
by rotating the grid about the centerline of the nacelle. 
A typical grid for an SR-3 blade is shown in figure (1). As can be seen, 
the grid topology is H-type in the streamwise plane and 0-type in the 
azimuthal plane. 
1 
Boundary Conditions:  
The boundary conditions have been suitably modified to handle the 
cascade effects. As stated earlier, there are two options for the boundary 
conditions. The first option assumes that the flow is symmetric, and hence 
the flow is periodic at the blade interface or zonal boundaries. The second 
approach considers the flow to be unsymmetric and allows angle of attack 
effects. Hence the boundary condition requires that the flow be continuous 
across the zonal fluid boundaries. In this approach, as mentioned earlier, 
the zones are independently advanced in time. The interior of the flow 
field is solved first. Then the fluid boundaries are updated explicitly by 
averaging the flow quantities across the boundary using the latest 
available information. 
SR-3 Simulations:  
The first approach has been applied to solve the flow field around an 
SR-3 8 bladed propfan for which both numerical and experimental results 
have been published. These results are shown in figure (2) for the 
variation of power coefficient with advance ratio. The power coefficients 
predicted by this code are in good agreement with other published results. 
The difference. with experimental results could be attributed to several 
factors. It has been observed experimentally in reference (1), and in our 
calculations that the power coefficients are very sensitive to even small 
changes in 75% span twist angle setting. The difference with experiment, 
as seen in our calculations, can be caused by as small as 0.5 deg difference 
in setting angle, which is well within experimental tolerances. It could also 
be attributed to the fact that the blades being flexible, can deform in 
operation. This will change the shape, namely the twist, and hence the 
angle of attack at each airfoil section. Taking this deformation into account 
in a purely aerodynamic code is not possible. This can be taken care of by 
using the aerodynamic loads to obtain a new deformed shape by static 
structural analysis. Using this new shape, aerodynamic loads can be 
updated, and a new deformed shape can be obtained. This iteration can be 
carried out till convergence. This process should, hopefully, improve the 
correlation in power coefficients. Such a coupled aero-structural analysis 
will be attempted in cooperation with Dr. Reddy of NASA Lewis Research 
Center during the first authors visit to Lewis in summer 1989. 
Figure (3) shows a comparison of swirl angles. The swirl angles 
predicted by the present code, are in poor agreement with other published 
results. Even though the error is large, approximately 100% in the inboard 
regions, it follows the trend similar to those predicted by other 
researchers. Also, the error in absolute terms can be considered small, only 
about 6 or 7 deg, which can be caused by interpolation required to 
calculate them. Furthermore due to the nature of the grid, the stretching in 
2 
the wake is large, hence interpolating quantities could lead to substantial 
errors. The source of the error is being investigated.  
A few pressure coefficient plots for free stream Mach number of 0.8, 
advance ratio of 3.06 and beta setting angle of 60.5 deg have been 
attached. 
SR-7 Simulations:  
A sample case for a two bladed SR-7 propfan has been computed for a 
free stream Mach number of 0.775, advance ratio of 3.088 and beta setting 
angle of 54.6 deg. This has been done in order to compare the pressure 
coefficients with the available experimental values from the full scale wind 
tunnel tests at Modane, France. Some plots comparing the pressure 
coefficients have also been attached. The results plotted are very 
priliminary, as no attempts have been made to match the computed and 
measured power coefficients. The experimental results have a scatter of 
2.6 deg in the beta setting angle over the span. Further runs are under 
progress to try to match the power coefficient in order to obtain more 
meaningful comparison. 
The second boundary condition has also been implemented and the 
algorithm has been tested. However as it is computationaly demanding to 
solve flow field around a propfan for an unsymmetric flow, it was decided 
that the symmetric flow algorithm will be validated before extensive 
calculations for the unsymmetric case would be attempted. 
Provision has already been made in the solver to allow treatment of 
surface motion. However the solver does not have the ability to solve the 
structural dynamics equations of motion. But the code can interact with a 
structural solver, passing the current aerodynamic loads to it and receiving 
deformed shapes from it. This allows the code to be independent of the 
sophistication of the structural modelling and hence can be coupled with 
any structural solver to permit aeroelastic calculations. 
PROPOSED RESEARCH DURING THE PERIOD MAY 1 - OCTOBER 31, 1989 
During this period the aerodynamic code will be coupled with a 
structural solver to carry out aeroelastic calculations. Also the work to 
modify the code for solving supersonic flow through fans will be initiated. 
Further validations, of the obtained results, with experimental results, 
where available, will be done. 
3 
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INTRODUCTION 
The objective of this research is to develop efficient numerical techniques for 
the study of aeroelastic response of a propfan in an unsteady transonic flow. A 
three dimensional unsteady Euler solver, developed at Georgia Institute of 
Technology is being modified to address this problem. 
SUMMARY OF PROGRESS DURING MAY 1 - NOVEMBER 30, 1989 
The Euler solver has been applied to solve flow field around propfan 
configurations. The results obtained have been compared against other numerical 
results as well as measured data. The performance prediction of the solver 
compares well with measured data. The solver was also used to study the effect 
of blade flexibility on the performance. the airloads obtained from the solver were 
used to obtain blade deflection using NASTRAN. The deflection calculations were 
carried out by Dr. T. S. R. Reddy of NASA Lewis Research Center. 
A heavily loaded blade was used to perform the study of blade flexibility on 
performance. Under aerodynamic loading the blade deflection resulted in large 
changes in power and thrust. Based on this study, it was concluded that for future 
aeroelastic calculations, blade flexibility should be properly accounted for. 
A paper, discussing this study and its results, will be presented in the 
forthcoming AIAA 28th Aerospace Sciences Meeting and Exhibit at Reno, Nevada 
from January 8 to 11, 1990. A NASA TM is also under review. A copy of the text of 
the paper is enclosed. 
PLANNED RESEARCH DURING THE PERIOD DECEMBER 1, 1989-APRIL 
30,1990 
During this period the aerodynamic solver will be modified to solve counter 
rotating propfan calculations. A few test cases will be chosen in consultation with 
NASA Lewis Research Center personnel to calibrate the counter-rotating propeller 
code. 
APPENDIX 
Application of an Efficient Hybrid Scheme for Aeroelastic 
Analysis of Advanced Propellers 
by 
R. Srivastava* and N. L. Sankar** 
Georgia Institute of Technology 
Atlanta, GA 
and 
T. S. R. Reddyt and D. L. Huff" 
NASA Lewis Research Center 
Cleveland, OH 
* Graduate Student, Member AIAA and AHS 
** Associate Professor, Member AIAA and AHS 
t Resident Research Associate, Member AIAA and AHS 
tt Research Engineer, Member AIAA 
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Advanced Propellers 
Abstract 
An efficient three dimensional hybrid scheme is applied for solving Euler equa-
tions to analyze advanced propellers. The scheme treats the spanwise direction semi 
explicitly and the other two directions implicitly, without affecting the accuracy, as 
compared to a fully implicit scheme. This leads to a reduction in computer time 
and memory requirement. 
The calculated power coefficients for two advanced propellers, SR3 and SR7L, 
and various advance ratios showed good correlation with experiment. Spanwise dis-
tribution of elemental power coefficient and steady pressure coefficient differences 
also showed good agreement with experiment. A study of the effect of structural 
felxibility on the performance of the advanced propellers showed that structural 
deformation due to centrifugal and aero loading should be included for better cor-
relation. 
Introduction 
It has been known for some time now that the best propulsive efficiency is offered 
by propellers. However the efficiency drops off very rapidly as the cruise Mach 
number increases beyond 0.5, as high tip Mach numbers lead to high compressibility 
losses (due to wave drag). Currently an effort is underway to improve the propulsive 
efficiency of commercial and military aircraft. Newly designed high speed advanced 
propellers, also known as propfans, show a very high propulsive efficiency at cruise 
speeds upto Mach 0.8 [1]. 
The propfans are designed to delay the compressibility losses, thus extending 
the high efficiency of a propeller to relatively higher cruise Mach numbers. This 
is accomplished by sweeping the blade backwards and using thinner airfoils, on 
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improved on this method by using the curved lifting line concept to account for 
the sweep. In this approach the vortex wake is represented by a finite number of 
vortex filaments in place of the continuous sheet of vorticity as used in Goldstein's 
approach. The analysis has been further extended in reference [5] by placing the 
vortex filaments along the stream surfaces so that they conform to the shape of the 
axisymmetric nacelle. 
Hanson [6] and Williams [7] applied the Kernel function approach to a propfan 
blade. They numerically solve a linear integral equation for upwash angle due to the 
blade pressure distribution by discretizing the load representation. The friction drag 
is obtained from the two- dimensional airfoil tables as a function of lift coefficient for 
the appropriate section camber, thickness and a Mach number adjusted for sweep 
and three-dimensional effects. The induced drag is obtained by determining the 
kinetic energy-per-unit-length of the far wake. The methods mentioned so far are 
based on linearized analyses. However, as the advanced propeller operates at or 
near transonic tip Mach number, flow nonlinearties may become important. 
Jou [8] has applied the finite volume approach of Jameson [9] for the analysis 
of propfans using full potential equation. The formulation was not able to provide 
converged solutions for free stream Mach numbers greater than 0.6. It was concluded 
that strong rotational flow effects were present near the leading edge, which could 
not be modelled by the potential equation. In addition the potential flow equations 
at times, lead to non-unique solutions. 
Chausee [10] and Whitfield et al. [11] have applied the unsteady, three dimen-
sional Euler equations to the propfan geometry. Matsuo et al. [12] have recently 
solved the full Navier - Stokes equations around a propfan. Some of these methods 
have been reviewed in reference [13], with regards to performance prediction. 
All the analyses mentioned so far, with the exception of Whitfield et al. [11] 
have been for axisymmetric flows. For a propfan in flight configuration, the flow is 
not axisymmetric. Even for cruise conditions the nacelle is at an angle of attack 
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explicitly requires only two costly inversions of block tridiagonal matrix, as opposed 
to three inversions for a fully implicit scheme, per time step. It also reduces the 
memory requirement as only two time levels of information needs to be stored at 
any given time, one of which needs to be only two dimensional. The use of such 
a hybrid scheme leading to reduction in computer time and memory requirement, 
makes the scheme more efficient. 
The specific objectives of the present paper are 1) to apply an efficient hybrid 
scheme to analyze advanced propellers, 2) to calculate steady performance, 3) to 
include structural deformation, due to centrifugal and steady aero loading in the 
analysis, 4) to study the effects of structural flexibility on the performance of ad-
vanced propellers. The governing equations and the numerical solution method are 
described first followed by results and discussion. The methods developed here are 
expected to be helpful for future aeroelastic research. 
Formulation 
Aerodynamic Model:  
The Euler equations, in conservation form, in Cartesian coordinate system can be 
written as: 
(4)t + (E) + (t), + ( d ) z = o 
	
(1) 
where q is the vector containing conserved flow properties. E, F and G axe the 
nonlinear flux vectors which are functions of the vector q. The subscripts denote 










These coordinates are non orthogonal and completely general. The equation 
(1) can be rewritten as: 








E = J-1 
1  pU 
puU + erP 
pvU + Gp 
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puV PILW + (x1) 
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pwV 	qzp 
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PIDIV + C.:13 
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U, V, and W are the contravariant velocities, and J is the jacobian and G, 77 z , 
etc. are the metrics of transformation. 
Initial and Boundary Conditions  
A large number of problems can be described by the same set of governing 
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inflow boundary, all quantities are fixed to that of the free stream,as disturbances 
cannot travel upstream in a supersonic flow. At the subsonic outflow boundary, four 
characteristics should escape, thus the four quantities p, pu, pv, pw are extrapolated 
from inside while the pressure is fixed to that of the free stream. For supersonic 
outflow, all characteristics should escape, hence all quantities are extrapolated from 
inside the flow domain. 
The block interface boundary :  
It is neither efficient nor practical to solve all the blades at the same time, 
hence, one blade passage is handled at a time. This introduces additional bound-
aries for computation. Across these boundaries all the variables must be continuous, 
except on solid boundaries and boundaries downstream of the blade. The bound-
ary condition, for these boundaries, depends on the type of flow being solved. An 
axisymmetric flow would require periodicity on the fluid interface boundaries. Peri-
odicity will require that the two boundaries have same fluid properties. As shown in 
figure (la), the fluid properties at the boundaries K=1 and K=KMAX are updated 
as the average of fluid properties at K=2 and K=KMAX-1 for a symmetric flow 
field. 
For an unsymmetric flow, the periodicity on these boundaries does not exist. 
Therefore, in order to obtain the solution for such a case, the whole propfan should 
be solved. This is done by advancing the solution of each block one time step, 
one block at a time. In this case again the boundaries are updated explicitly, after 
the interior points have been updated.This is done by averaging the flow variables 
from the nodes on each side of the boundary from the adjoining blocks. Referring 
to figure (1b), (the subscripts refer to the corresponding block) the quantities at 
boundary K=KMAX of block N (which is also the boundary K=1 for block N+1) 
would be the average of flow quantities at K=KMAX-1 of block N and K=2 of block 
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marching direction is reversed after every sweep, in order to remove any dependency 
on the marching direction. Equation (10) can then be rewritten as : 
qn+1 = qn AT (Eni 	Frin,n-1-1 Gn+1) 	 (11) 
Since the 7/ marching direction is changed every iteration, the FrIn'n+1 alternates 
between 
F j4-1,k 	F 711V 1,k 
2,17/ 
during the odd time steps, and 
F7+ 1 — 
2,607 
during the even time steps. 
The above discretization leads to a set of algebraic equations for q. These 
equations are costly to solve since the flux vectors E and G are highly nonlinear. 
The nonlinearity is removed by linearising the fluxes about the previous time step 
value, resulting in the following linear equation : 
[I + Ar (be A.' + bc .13")] cr+ 1 = [I + 	(beAn bc.i3n )] qn Rn,n+1 	(12) 
where 
Rn,n+1 = _AT (bc En 45,7Fn,n+1 ocGn) 	 (13) 
and the operator notation b e (Aq) = [(5! il.]q and b c (Bq) [bc gq is used. 
This Euler equation formulation can be very easily extended to solve the Navier-
Stokes equations by simply adding the viscous terms to the right hand side. This 
does not alter the numerical formulation. 
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name 'Alternating Direction'. These inversions are performed at each spanwise 
station, marching along the spanwise direction. As mentioned earlier, the marching 
direction is reversed every iteration. Each element of the block tridiagonal matrix 
has 5 x5 elements. 
Artificial Dissipation:  
The use of central difference, makes the scheme mildly unstable, and also introduces 
odd even decoupling. This is remedied by adding artificial dissipation. The imple-
mentation of artificial dissipation, in the present work is based on the formulation 
of Jameson et al. [16]. This scheme has a second order implicit dissipation and a 
blend of second/ fourth difference explicit dissipation terms. A scaling factor for 
both implicit and explicit dissipation is employed to control the amount of dissipa-
tion in the scheme. Adding the dissipation terms, equations (18) and (19) can be 
written as: 
[/ + 	+ f1D14 )] Ace n+1 
	Rn,n+1 fEDEAT 	(20) 
[/+ OT (bc ./3 12 + e1./30] 
	 Ace n+i 	 (21) 
where D1f and 	are second order implicit dissipation terms and DE is the explicit 
dissipation term, given in reference [22]. cj and EE are user supplied constants, which 
depend on grid spacing. At the boundaries the fourth order differences are repalced 
by second order differences. 
Aeroelastic Model:  
As mentioned earlier, the propfan has thin, swept, and twisted blades. Since the 
blades are thin and flexible, deflections due to centrifugal and steady aero loads are 
large. Hence, the aeroelastic problem is inherently nonlinear, requiring geometric 
nonlinear theory of elasticity [17]. 
The blades have large sweep and twist, which couples blade bending and tor- 
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i.e., until the change in deflection from the (i + 1) th  iteration is equal to that from 
the ith iteration. 
Results and Discussion 
The hybrid numerical scheme discussed in the previous section, was first applied 
to an isolated aircraft wing in reference [21] and to a helicopter rotor blade in 
reference [22]. Typical results showing blade loading, are reproduced in figures (3) 
and (4). As can be seen from both these figures, the hybrid scheme is able to predict 
flow phenomena of varying complexity with fairly good degree of accuracy. 
The propfan blade has a much more complex shape than the aircraft wing or 
the helicopter blade. The high twist, large sweep, low aspect ratio, close proximity 
of other blades, presence of nacelle and thinner blades near the tip, make the flow 
field around it very complex. In the following, the flow solutions obtained for 
two advanced propellers, namely SR3 and SR7L, are presented. The calculations 
have been performed on a 'hot shape', obtained by including the deflections due to 
centrifugal loading in the undeflected blade shape ('cold shape'). 
A body fitted H-0 grid was used for these calculations. A typical grid used in 
the calculation is shown in figure (5). The domain of calculation was taken to be the 
region between two blades with upper surface of one blade and lower surface of the 
adjoining blade as the boundaries of the domain. This region is referred to as blade 
passage. In general, in order to model the influence of adjacent blades (cascade 
effect) the entire propfan with all the blades (passages) are solved. However, for an 
axisymmetric flow field, considered here, all blade passages can be assumed to be 
identical, and only one blade passage is solved enforcing the conditions of symmetry. 
SR3 Propfan 
The hybrid scheme, described earlier, was used to solve the flow field around 
an 8-bladed SR3 propfan. The SR3 propfan was designed to operate at a free 
stream Mach number of 0.8, advance ratio of of 3.06, at an altitude of 30,000 feet. 
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an overprediction in the tip region results in an under prediction on the inboard 
region. 
SR7L Propfan 
The SR7L propfan has been designed for an operating free stream Mach number 
of 0.8, rotational speed of 1700 rpm, at an altitude of 35,000 feet. In this section 
calculations for a two bladed SR7L propfan are presented. The aerodynamic calcu-
lations are first performed on the 'hot shape'. The effect of blade flexibility is then 
included in the calculations. 
In figure (8) the elemental pressure coefficient difference is compared with ex-
periment for a 2-bladed SR7L propfan. The blade was operating at a free stream 
Mach number of 0.775 and advance ratio of 3.088. The 75% span setting angle 
was adjusted to match the power coefficient by a rigid body rotation of the blade 
about the pitch change axis. The pressure coefficient difference AC p (Cr, — Cp„ ) 
is plotted and compared against experimental data [27] at various span locations. 
The comparison is good, except near the leading edge on the outboard stations. 
The effect of blade flexibility on performance was studied next for the SR7L 
propfan blade. The effect of flexibility is included by the aeroelastic iteration pro-
cess, described earlier and shown in figure (2). 
It is important that the blade finite element model accurately reflects its struc-
tural characteristics, since the entire analysis process is centered around the stiffness 
matrix. The NASTRAN finite element model used in this study is based on the final 
blade design [24]. The SR7L blade has an aluminum spar, nickel sheath, and fiber 
glass shell with foam fill. The shell, adhesive, spar, and shell filler material were 
combined using the Composite Blade Structural Analysis (COBSTRAN) program 
to produce equivalent, monolithic shell elements [25]. The finite element model of 
the SR7L blade is shown in figure (9a). The model has 261 nodes and 449 triangular 
shell elements. Bar elements are used to model the shank. Multipoint constraint 
grid chords are used to define the shank/blade interface [26]. 
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the final blade shape. 
In figure (11) the thrust coefficient is plotted against the power coefficient for 
subsequent iterations. The setting angle used in the calculations has been obtained 
by rigid body rotation of the hot shape so as to match the power coefficient obtained 
by experiments. The experimental point is also plotted. The power coefficient ob-
tained from the hot shape (marked 1), compares well with the experiment. However, 
the power coefficient changes considerably (marked 2 to 4), as the blade is allowed 
to deform under this load. It can be seen from figures (10) and (11), that the initial 
change in shape, lead to large change in power coefficient. For this particular case, 
under which the blades are loaded heavily almost 40% change in power coefficient is 
observed when the effect of aerodynamic loading is included in the blade shape. The 
subsequent changes are not as large. Hence, in order to obtain a better comparison 
with experimental power coefficient and load distribution on blade, the blade setting 
angle should be chosen such that the converged shape power coefficient is compared 
against the experimental data. This requires some trial and error in selecting the 
'cold' or 'hot' shape from which the aeroelastic iteration should be started. Arriving 
at the final blade shape might be critical for vibration and flutter calculations, as 
well. 
In figure(12) the relative change in twist angle over the span is plotted. This 
shows that the largest deflection occurs near the tip, with practically no deflection 
on the root sections. Also it should be noted that the variation in the blade twist is 
nonlinear and is largest near the tip. A rigid body rotation of the blade to account 
for the change in twist, would result in a linear variation along the span. This 
clearly shows that for better performance calculations, structural flexibility should 
be included in the analysis. 
Figure (13) shows the in-plane deflection of the blade planform and figure (14) 
shows the out of plane deflection of the blade at constant chord. Again, the largest 
deflection is towards the tip, with practically no deflection towards the root. Figure 
19 
4. The effect of aero loads was to compensate for the untwisting due to centrifugal 
loads 
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Figure-10 Blade Setting Angle at 75% Span versus Aeroelastic Iteration 
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INTRODUCTION 
The objective of the present study is to develop numerical 
capabilities for predicting aerodynamic performance and aeroelastic 
response of single or counter rotation propfan in an unsteady 
transonic flow. A three dimensional Euler solver has been developed 
at Georgia Institute of Technology to address this problem. 
SUMMARY OF PROGRESS 
In the present reporting period the Euler solver, with the help 
of NASA Lewis personnel was coupled with the NASTRAN code in an 
open-loop fashion to predict the effects of structural deflections on 
propeller performance. A paper documenting these results was 
presented at the 28th Aerospace Sciences Meeting at Reno, Nevada. 
In the previous reporting periods, it was noted that even 
though the performance quantities and the blade loading compared 
well with experimental data and (other numerical results, there was a 
shift in individual surface pressures. Since the shift was same for 
both the surfaces, the blade loading and performance quantities 
compared well. This shift was traced to an error in calculating grid 
velocities. This error has been corrected, and now the individual 
surface pressures also compare well with experiment. These 
comparisons are presented in the Appendix. 
The Euler solver was further modified to solve the flowfield 
around a counter rotating propfan. The first step involved in this 
modification was to generate a body fitted grid around the counter 
rotating propfan. For this purpose, the grid generator for the single 
rotation propfan was modified. The space between the trailing edge 
of the front blade row and the leading edge of the rear blade row 
was equally divided to define the solution domain associated with 
each blade row. The grid was then generated for each solution 
domain separately. 
The solver was then modified to solve the Euler equations in 
each of the solution domains consecutively. Again, as in single 
rotation solver, the equations are solved in the interior of the each of 
the domains and the boundaries are explicitly updated. The 
additional blade row interface boundary is updated by averaging the 
flow solution from across the boundary after both the interior 
domains have been updated. This solver was used to solve the 
flowfield around a GE F7/A7 counter rotating propfan operating at a 
free stream Mach number of 0.71 and an advance ratio of 2.8. The 
performance quantities obtained compared well with experimental 
data obtained in wind tunnel tests at NASA Lewis. 
The results obtained during the present reporting period are 
discussed in detail in the Appendix. It is also an abstract sent for 
considerations for a paper at the forthcoming 29th Aerospace 
Sciences Meeting to be held at Reno, Nevada during January 7 to 
January 10, 1991. 
WORK TO BE CARRIED OUT DURING NEXT REPORTING PERIOD 
During the next six months (June 1 - November 30, 1990), the 
Euler solver will be thoroughly tested against the existing 
experimental data and numerical solutions. This will help in further 
calibrating the Euler solver for counter rotating propfan geometry. 
Effort is also underway to improve the spatial accuracy of the 
current scheme from second order to fourth order. For this purpose, 
an operator-compact scheme, also known as Pade scheme will be 
investigated and implemented in the present solver. A parametric 
study will be carried out to determine if the increase in the spatial 
accuracy of the scheme will translate into fewer grid points and 
lesser CPU time. 
A recent concept, to further increase the efficiency of the 
propfans, is to put a duct around it. A very preliminary analysis of 
this concept, has shown that a ducted single rotation ultra high by 
pass ratio propfan can provide similar power capabilities, using 
fewer parts and having a smaller fuel burn ratio than a modern high 
by pass ratio turbofan engine. The aerodynamic solver will be 
modified to incorporate the duct around the propfan geometry. Some 
preliminary calculations will be carried out to test the solver for this 
geometry. A useful by-product of this effort will be a version of the 
code that can handle unsteady viscous flow through multi-stage 
compressors. 
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An Efficient Hybrid Scheme for Analysis of Counter Rotating Propfans 
Introduction 
The propfans are designed to delay the compressibility losses, thus extending 
the high efficiency of a propeller to relatively higher cruise Mach numbers. This 
is accomplished by sweeping the blade backwards and using thinner airfoils, on 
the outboard section of the blade. In addition low aspect ratio blades are used. 
This, combined with high tip Mach number, leads to high blade twist and high 
disk loading. The requirement of high disk loading further dictates a large number 
of blades per propeller, which must maintain structural integrity. However, as the 
blades are very highly loaded, loss in efficiency due to swirl becomes important. By 
recovering the swirl losses, the efficiency can be further increased by 4% - 5%. This 
can be done either by using stationary guide vanes, as done in turbomachinery, 
or another set of blades rotating in opposite direction. The latter configuration of 
counter rotating blades is currently under study by industry. 
In order to be able to predict the performance and aeroelastic characteristics, an 
accurate prediction of blade loading is essential. These could be obtained through 
experimental or numerical techniques. At the design stage experimental techniques 
are very expensive. Therefore, a need definitely exists to support the development of 
potentially high propulsive efficiency propfans through numerical techniques. With 
numerical techniques it. is easier and cheaper to obtain pressure distribution, and 
flow details can easily be obtained at any point in the flow field. 
Several numerical techniques varying in complexity from simple Goldstein type 
strip analysis to analyses that solve the Euler and Navier - Stokes equations refer-
ences [1 - 10], have been applied to single-rotation propfans. The only researchers to 
study the counter rotation propfans are Celestina et al.[11], and Whitfield et al.[9], 
using finite volume schemes. Celestina et al. have solved the steady Euler equations 
around the counter rotating configuration by casting the equations in blade fixed 
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coordinates, where the axisymmetric flow reduces to steady flow. However, this 
reduces the scheme to be applicable to only symmetric flow field. 
Whitfield et al. have also solved the unsteady Euler equations around the 
counter rotating configuration using finite volume scheme. A finite volume scheme 
is memory intensive, which could become critical in handling unsteady flowfield for 
counter rotating propfans. Also, their scheme requires special handling of the row 
interface boundary to allow arbitrary time step. 
Objectives 
The primary objective of the present research is to develop a method to pre-
dict the aeroelastic characteristics of a counter rotating propfan. To facilitate it, 
the method to be described here, has the capability to incorporate blade static 
deformation, rigid blade dynamics, and dynamic elastic deformations. As a first 
step towards using this solver to such aeroelastic application, this solver has been 
used to compute the steady airloads and performance characteristics of GE F7/A7 
unducted counter rotating propfan. 
Formulation 
Mathematical Formulation:  
The Euler equations, in conservation form, in Cartesian coordinate system can be 
written as: 
(4)t + (E) z + (E), + (0)2 = 0 	 (1) 
where q is the vector containing conserved flow properties. E, F and G are the 
nonlinear flux vectors which are functions of the vector q. The subscripts denote 
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where p is the fluid density, u, v, w are the inertial Cartesian components of the flow 
velocity, e is the total energy of the fluid per unit volume and p is the hydrodynamic 
pressure and may be expressed using the equation of state for perfect gas as: 
p = (7 — 1)[e — p(u 2  + v2 w 2 
1 	
( 3 ) 
where 7 is the ratio of specific heats. The advantage of using the conservation form 
is that it ensures the conservation of physical flux properties across discontinuities 
(e.g. shock) in the flow [12]. 




C = C(x,Y,z,i) 	 (4) 
T = t 
is used to recast the governing equation in (1) in a generalized coordinate system 
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F = pvV + mop 
pwV + 7lzP 
G = PvW 	CyP 
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(e + p)V — n tp (e + P)W 	CtP 
U, V, and W are the contravariant velocities, and J is the jacobian and G, 
(x etc. are the metrics of transformation. 
Initial and Boundary Conditions  
The initial conditions may be critical to convergence of the numerical scheme. An 
intelligent guess of the initial conditions could help in achieving convergence faster. 
For these calculations the free stream conditions are used as the initial condition. 
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In the present analysis the flow variables at the boundaries are updated explic-
itly after the governing equations have been solved for the interior flow field. The 
boundary conditions are applied to the total velocities. 
On the solid surfaces of blade and nacelle the no penetration condition is applied 
as: 
17b.fi = 0 	 ( 7 ) 
Where Vb is the velocity vector at the surface and if is the unit vector normal 
to the surface. The tangential velocity components are extrapolated from interior 
of the domain. 
For steady state calculations all disturbances from the solid surface must prop-
agate to infinity. On the subsonic inflow boundary, one characteristic should be 
allowed to escape hence p is extrapolated and the remaining variables pu, pv, pug 
and e are fixed at the free stream value. For a supersonic inflow boundary, all 
• 
quantities are fixed to that of the free stream. At the subsonic outflow boundary, 
four characteristics should escape, thus the four quantities p, pu, pv,  , pw are extrapo-
lated from inside while the pressure is fixed to that of the free stream. For supersonic 
outflow, all characteristics should escape, hence all quantities are extrapolated from 
inside the flow domain. 
It is neither efficient nor practical to solve all the blades at the same time, hence, 
one blade passage is handled at a time. This introduces additional boundaries for 
computation. Across these boundaries all the variables must be continuous, except 
on solid boundaries. The boundary condition, for these boundaries, depends on the 
type of flow being solved. An axisymmetric flow requires periodicity on the fluid 
interface boundaries. Periodicity is enforced by forcing the two boundaries to have 
the same fluid properties. 
For an unsymmetric flow, the periodicity on these boundaries does not exist. 
Therefore, in order to obtain the solution for such a case, the whole propfan should 
be solved. In this case again the boundaries are updated explicitly, after the interior 
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points have been updated. This is done by averaging the flow variables from the 
nodes on each side of the boundary from the adjoining blocks. 
To simplify the solution procedure the domain of counter rotating blade is di-
vided into two sets of blocks associated with each blade. This creates an additional 
fluid boundary. Proper handling of this boundary is critical as it is through this 
boundary each row of blades feels the presence of the other. As the rest of the 
boundaries, this boundary is also updated explicitly after the interior of the compu-
tational domain has been updated. This boundary is updated as the average of the 
adjacent constant e plane. However as the two blocks are rotating in the opposite 
direction, the grid lines do not always align. 
To carry out the averaging process the solution needs to be known for the 
360° ring associated with each of the constant e planes. For an unsymmetric flow 
field this information is automatically available, as all the blades are required to be 
solved. For an axisymmetric flow field, where only one blade passage needs to be 
solved for each blade row, this information is obtained by imaging the block data 
to obtain flow properties for the 360° ring. 
A schematic of the grid at the interface boundary for a constant 77 plane is 
shown in figure (1). The I=IMAX plane for the front blade row, and I=1 plane 
of the rear blade row form the interface boundary. The interface boundary of the 
rear blade row is updated first, one grid point at a time. In order to update the 
flow properties at the node B, the grid line AB is extended till it intersects the 
plane I=IMAX-1 of the front row at point C. The flow properties are then obtained 
at point C by interpolating from the flow properties of the IMAX-1 plane using a 
Lagrangian polynomial. The node B is then updated by taking the average of the 
values at node A and point C. This is repeated for all the nodes associated with 
plane of the rear row. 
Again, for an axisymmetric flow field this is done for only one block and the 
solution is imaged. For an unsymmetric flow field, the process is repeated for all 
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the nodes for all the blade passages. The boundary I=IMAX of the front row is 
then updated by simply interpolating flow variables from the boundary I=1 of the 
rear row. The only restriction in this process, in order to minimize the error, is to 
require that the constant i planes from both the rows, at the interface boundary, 
are at the same radial distance. 
Solution Procedure: 
The governing equations in (5) are in fully conservative form. They are discretized 
using second order accurate central differencing for the spatial derivatives and a first 
order upwind differencing for the temporal derivative, to obtain a set of algebraic 
equation. A second order implicit dissipation and a blend of second / fourth differ-
ence explicit dissipation is used. In order to decrease the computational time, flux 
terms in two directions 0, are treated implicitly while the radial direction (ii) 
flux terms are treated semi-explicitly. The n derivative is obtained using the latest 
available values of the flow variables, hence the 77 derivative alternates between 
	
ritj-/-1,k 	
F:7-1 1 ,k 
2077 
during the odd time steps, and 
F7+1 — Fn• t a+i,k 	i a -1,k 
2077 
during the even time steps. 
This method requires only two costly inversions of the block tridiagonal matrix, 
in the two implicit directions. It also reduces the memory requirement as only two 
time levels of information needs to be stored at any given time, one of which needs 
to be only two dimensional. Rizk and Chausee [13] first used this hybrid scheme 
with the Beam and Warming algorithm. Using this technique the solver marches 
7 
along the n direction, solving the equations one 77  plane at a time. The marching 
direction is reversed after every sweep, in order to remove any dependency on the 
marching direction. 
The discretized form of the governing equations are approximately factorized 
to the following set of algebraic equations : 
where 
[i Ar (hAn 	03016, f:1*n-1-1 
[i 	AT (bar + fID1c)] 
Rn,n+1 = 
Acin+ 1 	= 	q n+1 
= R.,n+i — eED EAT  
Acin+1 	
_ 	Ace n+1 
(bEn -1-45,7 F"+ 1 	15cGn ) 





DID and Mc are second order implicit dissipation terms and DE is the explicit 
dissipation term, given in reference [14]. el and €E are user supplied constants, 
which depend on grid spacing. At the boundaries the fourth order differences are 
replaced by second order differences. 
The factorized algebraic equations (9) and (10) are then solved using the Al-
ternating Direction Implicit (ADI) scheme [15]. In solving the flow field using multi 
block grid technique, only one grid and its solution is kept in the core memory. 
Once the interior points are updated, the flow solution and the grid is written on 
solid state storage. The next block is then brought into the core memory to update 
the interior points. The interface boundary points, and the adjoining nodes used 
to update them are always kept in the core memory. As mentioned earlier, the row 
interface boundary is updated after all the interior points have been updated. 
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Results and Discussion 
Previous Studies:  
The hybrid numerical scheme discussed in the previous section, was first applied to 
a single rotation propfan in [15]. Typical results of variation of power coefficient 
with advance ratio and spanwise blade loading for an eight bladed SR-3 propfan 
are reproduced in figures (2) and (3). In figure (4) the pressure coefficient for a two 
bladed SR-7L propfan is compared with experimental data for different span loca-
tion, for free stream Mach number of 0.5, and advance ratio of 3.067. The pressure 
coefficients compare well, except near the leading edge. For this flight condition, a 
leading edge vortex exists. Since the present scheme solves Euler equations, it is not 
possible to capture this leading edge vortex. As can be seen from these figures, the 
hybrid scheme successfully predicts the spanwise and chordwise loading, alongwith 
performance quantities for a single rotation propfan. 
New Results:  
Again, as in Ref. [15] a body fitted H-0 grid was used for calculating the flow 
field around the counter rotating propfan. A typical grid used in the calculation is 
shown in figure (5). In general, in order to model the influence of adjacent blades 
(cascade effect) the entire propfan with all the blades (passages) need to be solved. 
However, for an axisymmetric flow field, with same number of blades in both the 
rows, considered here, all blade passages can be assumed to be identical. Hence 
only one blade passage, for each blade row, is solved enforcing the conditions of 
symmetry. 
The scheme has been applied here to a GE F7/A7 counter rotating propfan 
operating at a free stream Mach number of 0.71. This propfan has 8 blades in 
each blade row. Both the blade rows operate at the same advance ratio. In figure 
(6) the power coefficients and in figure (7) the thrust coefficients are compared 
with experimental data. The blade setting angles have been adjusted to match the 
9 
power coefficient at the advance ratio of 3.0, but was not changed for other advance 
ratios. As can be seen, the total power and thrust coefficients are over predicted 
for lower advance ratio, whereas they compare well for higher advance ratios with 
experiment. The individual blade row power coefficients, exhibit the same trend, 
whereas the thrust coefficient is consistently over predicted for the front row. In 
figure (8), the variation of torque ratio, (aft rotor : front rotor), with advance ratio 
is compared. The comparison, in this case, is better for lower advance ratio. 
From these figures, it can be seen that the prediction of the global performance 
quantities compare well with experimental data. At the lower advance ratios, the 
blades are heavily loaded. This causes the blade to deflect more during operation. 
Such deflections are not possible to account for, in a purely aerodynamic code. 
Also the Euler calculations tend to overpredict the shock strength, which will lead 
to higher wave drag. Furthermore the absence of viscous effects will not account for 
complex shock wave and boundary layer interaction and flow seperation. Any or all 
of the above factors could be contributing to the over prediction of the performance 
parameters. 
In figures (9) and (10), the pressure and density are plotted at two constant 77 
locations, on the nacelle and near mid span. The front rotor is rotating in a counter 
clockwise direction, and the aft rotor is rotating in the clockwise direction, as viewed 
from the front. The free stream is moving from left to right, with a relative Mach 
number of 0.71, and the advance ratio, for both the blade rows, is 2.8. The blade 
setting angles were obtained by matching the individual rotor power coefficients 
with experimental data. The pressure and the density plots shown in these figures, 
show that the treatment of the interface boundary as discussed earlier, does not 
introduce any significant error. In fact it is very difficult to locate the boundary 
from these figures. The interface boundary lies exactly halfway between the two 
blade rows. Furthermore, these figures also show that a strong shock exists on 
the suction surface of the front blade, at approximately 60% of the chord. This 
1 0 
shock does not extend from blade to blade, and its strength reduces, away from 
the centerbody. The shock also moves downstream along the chord, and is almost 
at the trailing edge, near the mid span location. The aft blade does not have a 
strong shock, however it does have a larger stagnation region, as compared to the 
front blade. This is to be expected, as the energy of the fluid increases as it passes 
through the front blade row. These figures also show that the solver successfully 
captures the physics of the flow field around the counter rotating propfan. 
In the full paper, one other flight condition (free stream Mach number of 0.660) 
will be studied and the solutions obtained will be compared with experimental 
data. If possible this solver will be coupled to a structural analysis code (as done 
in reference [15]) to study the effect of structural deformations on performance. 
Computer Requirements:  
All of the above computations were performed on the CRAY XMP24 computer 
available at NASA Lewis Research Center. For a grid size of 58 x 22 x 15, used for 
each block, the total memory and CPU time per time step required were 1.3 MW 
and 1.7 sec. respectively. 
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Figure -2 Power Coefficient vs. Advance Ratio 
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Figure-4b Pressure Coefficient Near Mid Span 
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Figure-4c Pressure Coefficient Near Tip 
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Figure-10a Density Contours at Constant Ti Plane near Mid Span 
Figure-10b Pressure Contours at Constant 	Plane near Mid Span 
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During the period January 1- December 31, 1987, a research 
project titled "Studies of Unsteady Viscous Flows Using a Two-Equation 
Model of Turbulence" has been in progress at the School of Aerospace 
Engineering, Georgia Institute of Technology. This project is funded 
by NASA Lewis Research Center under the Grant NAG 3-768. The objective 
of the above research effort is to evaluate three popular turbulence 
models for their usefulness in predicting unsteady turbulent viscous 
flow past propfan and helicopter rotor blade sections, and 
steady/unsteady turbulent flow past airfoils with iced leading edge 
shape. 
The first model studied is the Baldwin-Lomax two layer eddy 
viscosity model, patterned after the well-known Cebeci-Smith model 
[Ref. 1]. The second model is the Johnson-King model which requires 
the numerical solution of a first order ordinary differential equation 
for the mean turbulent kinetic energy levels within boundary layers 
and separated flows [Ref. 2]. Rather than coding the Johnson-King 
model independently, FORTRAN subroutines of the above model as 
implemented by Johnson and King was acquired from the above 
researchers and was modified for use in the Georgia Tech 2-D 
compressible Navier-Stokes solver(NSE2D) [Ref. 3], and the NASA Lewis 
version of the ARC2D code [Ref. 4].The third model considered is the 
k-e model which requires the solution of two partial differential 
equations for the transport, production and depletion of turbulent 
kinetic energy k and turbulent energy dissipation rate E. In the 
vicinity of the wall, a law of the wall formulation proposed by Gorski 
[Ref. 5] is used to avoid the need for very fine grid spacing in the 
inertial layer.This model was coded independently and was adapted into 
the NSE2D and ARC2D codes. 
A number of calculations for clean and iced airfoil shapes have 
been carried out. Detailed surface pressure data and load data taken 
by McAlister et al [Ref. 6] for clean airfoils experiencing dynamic 
stall, and the experimental data obtained at the Ohio State University 
1 
by Bragg [Ref. 7] are being used to evaluate these models. The 
objective in this study is not to fine tune the parameters and 
empirical constants in these three models to improve correlation 
between the theory and experiments, but to evaluate how the above 
three models perform in their off-the-shelf form. A final report 
summarizing the findings of this research will be made available at 
the end of the current research period. 
In this renewal proposal, it is proposed that the above research 
on unsteady and steady viscous flow past clean and iced airfoil 
configurations be extended to address three-dimensional flows. The 
separation and stall 'phenomena experienced by fixed and rotary wings 
at high angles of attack, or under leading edge icing conditions is 
strongly influenced by factors such as wing planform, airfoil camber, 
wing sweep, taper and twist. These parameters influence the spanwise 
pressure gradient and contribute to premature separation near wing 
tips. Even on fixed wings of rectangular planforM, the stall pattern 
often does not resemble that predicted by 2-D analyses. There is a 
need for carefully designed experiments and 3-D analyses which will 
shed light on the stall characteristics of fixed and rotary wings with 
clean and iced leading edge shapes. The proposed research will address 
this need, at least in part, through 3-D Navier-Stokes calculations 
for a fixed wing with a simulated ice shape, for a wide range of Mach 
numbers and angles of attack. 
Recently, Bragg [Ref. 8] has proposed a series of experiments 
featuring a fixed wing with a simulated leading edge ice shape. 
Configurations identical to those used in the experimental studies 
will be studied in the present research, for identical flow 
conditions, so that a well-coordinated theoretical and experimental 
approach will emerge for this interesting and important problem. 
FEATURES OF THE SOLUTION PROCEDURE 
A three-dimensional Navier-Stokes solver developed at Georgia 
Tech will be used to study the steady and unsteady, turbulent viscous 
2 
flow past wings with and without simulated ice shapes. This flow 
solver has in the past been used to study unsteady viscous and 
inviscid flow past a number of fixed and rotary wing configurations 
with success [Ref. 9-12]. Some of the special features of this solver 
are briefly listed here: 
1) This solver can handle wings of arbitrary planform, taper, and 
twist. The airfoil coordinates may be arbitrary. 
2) A hybrid implicit-explicit algorithm is used to advance the 
numerical solution in time. This solution procedure is highly stable, 
and may be used for a wide range of Reynolds number, Mach number and 
angle of attack conditions. 
3) The calculations are done in a moving body-fitted coordinate 
system. A variety of configurations ranging from fixed wing to propfan 
blades may be solved using different versions of this solver. 
4) This solution procedure has been vectorized for efficient solution 
on the CRAY XMP class of computers. 
5) The Baldwin-Lomax turbulence model is presently available within 
the solver. However, because of the similarities between this solver 
and the 2-D Navier-Stokes solver, it should be a straightforward task 
to incorporate the Johnson-King model, or the k-E model into this 
solver. 
In Appendix A, a brief description of the gOverning equations, 
and the solution procedure are given. For the sake of simplicity, the 
appendix deals with numerical solution of the Euler equations. In 
Reference 12, modifications to this formulation to account for the 
viscous effects may be found. 
3 
PROPOSED RESEARCH 
A one year research effort focusing on the performance 
characteristics of fixed wings with and without simulated ice shapes 
is proposed. Specifically, the following tasks will be carried out. 
1) The 3-D Navier-Stokes solver, and the built-in grid generation 
scheme will be modified for analysis of the wing-alone configuration 
to be tested at the Ohio State University by Bragg and his co-workers 
[Ref. 8]. 
2) A series of calculations will be done for this wing at 0.15 
freestream Mach number, at zero sweep for a wide range of angles of 
attack. The purpose of this series of calculations is to determine if 
the flow features over the wing (80% span and inboard) differs 
significantly from the 2-D flow characteristics. 
3) Calculations will be carried out for the same wing-alone 
configuration, for two different sweep angles, for a range of angles 
of attack to be chosen in coordination with the researchers at NASA 
Lewis Research Center. The purpose of this phase of research is to 
study the effect of sweep angle on the stall characteristics of clean 
and iced wing configurations. 
It is proposed that the above research work be carried out during 
the period January 1- December 31, 1988. 
4 
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The three-dimensional unsteady Euler equations may be written in 





+ Gy + Hz  =0 
	
(1) 
where q is the flow properties vector {p, pu, pv, pw, e}, and F, G, 
and H are the flux vectors along the x, y, and z directions 
respectively. For example, F is defined as 
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In the above equation set, p is the density; u, v, and w are the flow 
velocity components along the x, y, and z directions respectively. 
Also, e is the total energy per unit volume, and p is the pressure. 
The Euler equations were solved in a body-fitted coordinate 
system (&, n, c, T) obtained by first constructing a sheared parabolic 
coordinate system around the wing, and then clustering the C-lines at 
each span station so that the first C-line off the wing surface is at 
a constant distance of 0.01 chord from the surface. In this 
transformed plane, the governing equations become 
cit + F& + Gn + He = 0 	 (3) 
The quantities q, F, G and H are related to the flow variables 
[q} and the flux vectors in the cartesian coordinate system through 
the metrics of transformation. For example, 
q = q/J 
F= (  	F + Ey G + Ez H) / J 	(3a) 
The quantity J is the Jacobian of transformation, and is given 
for the special case where y is only a function of n by 
= ny  (&x Cz  - &z Cx ) 
	
(3b) 
The unknown in the above system of equations is the flow property 
vector q. The time derivative q was discretized using two point 
backward differences as (6 q)
n+1
. The spatial derivatives along the E- 
T 
and the E- directions were discretized using the following formula: 
F
& 
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are three-point central difference operators. The 
quantities F and H are nonlinear functions of q at the time level n+1. 
These functions were first linearized about the time level n. For 
example, F
n+1 
was written as follows: 




The spanwise derivative G was written as a combination of the n 
and n+1 time levels. During the odd time steps, calculations were done 
one span station at a time, from the wing root to the outboard span 
station, using the latest values of the flow vector at the (n+1) time 
level as soon as they are available. Thus, the quantity G was 





n - n+1 ) / 2 
During the even time steps, the calculations started at the last 
span station outboard, and progressed till the root station was 
reached. Then, the term G was discretized as 
f 	n+1 - 	n 
v°j+1 	bj-1 ) / 2 
Since the above differencing uses a mixture of solution vectors 
at the n and the (n+1) time levels, the above procedure is called a 
hybrid scheme. It may show that the use of the values at the (n+1) 
time level as soon as they are available leads to a stable time 
marching scheme, from a von Neumann analysis. The reversal of the 
difference scheme in the spanwise direction from one time step to the 
next removes any dependence that the solution may have on the sweep 
direction. 
The above approach has one disadvantage, however. The spanwise 
derivatives are no longer conservative with respect to time, although 
they are conservative with respect to space. This fact that the 
spanwise derivatives are non-conservative with respect to time is not 
expected to affect the solution accuracy since the streamwise and the 
normal derivatives are all conservatively differenced. 
At each of the interior points in the above discretization, the 





[I+AtoOF/De+AtS [DH/Deflq"1 -qn )=R 	(6) 
where for the odd time steps, the residual R is given by 
R = - at[6 4 Fn+den+(Gi+i n- Gj _ 1"1 )/2] 	(7) 
and for the even even time steps, the residual is given by 






 nN,2] 	(8) 
If pure central differences are used to discretize the spatial 
derivatives, it may be shown that an odd-even decoupling of the 
solution will occur after only a few time steps. To prevent this, and 
in order to remove high frequency errors from the solution, the above 
finite difference equation was modified by adding a set of artificial 












To the left-hand side operator of Eq. (6), the following implicit 











and e I are user input coefficients. Typically 
these two coefficients were set equal to 1 and 3 respectively. 
After the above dissipation terms were added, the left-hand side 
operator appearing in Eq. (6) was approximately factored into a 
product of two one-dimensional operators, resulting in the following 
equation: 
[I+Atd c {DF/Dc} n -AtE I J-i suJ] x 




) = R + R
1 
This factored equation was solved using a series of block 
tridiagonal matrix inversions. The values of q at the computational 
boundaries were set to zero. The flow vector q at these boundaries was 
updated after the interior points were updated. 
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INTRODUCTION 
During the past decade, aircraft engine manufacturers and scientists at 
NASA have worked on extending the high propulsive efficiency of a classical 
propeller to higher cruise Mach numbers. The resulting configurations use 
highly swept twisted and very thin blades to delay the drag divergence Mach 
number. Unfortunately, these blades are also susceptible to aeroelastic 
instabilities. This was observed for some advanced propeller configurations in 
wind tunnel tests at NASA Lewis Research Center, where the blades fluttered at 
cruise speeds. To address this problem and to understand the flow phenomena 
and the solid fluid interaction involved, a research effort was initiated at Georgia 
Institute of Technology in 1986, under the support of the Structural Dynamics 
Branch of the NASA Lewis Research Center. The objectives of this study are: 
a) Development of solution procedures and computer codes capable of 
predicting the aeroelastic characteristics of modern single and counter-rotation 
propellers, 
b) Use of these solution procedures to understand physical phenomena such 
as stall flutter, transonic flutter and divergence 
Towards this goal a two dimensional compressible Navier-Stokes solver 
and a three dimensional compressible Euler solver have been developed and 
documented in open literature. 
The two dimensional unsteady, compressible Navier-Stokes solver 
developed at Georgia Institute of Technology has been used to study a two 
dimensional propfan like airfoil operating in high speed transonic flow regime. A 
two degree of freedom structural model was coupled to study classical flutter 
and flutter dip phenomena observed at transonic Mach numbers. The Euler 
code solving three dimensional compressible Euler equations was used to 
predict the flow field around single and counter rotation advanced propellers. 
This solver has been applied for several flight conditions and both 
aerodynamic and aeroelastic analyses have been done. 
These flow solvers have been validated through comparisons with 
measured data and documented in several publications (Refs. [1-5]), and have 
demonstrated the importance of accounting for the elastic characteristics of the 
structure while evaluating the aerodynamic characteristics of modern high 
speed propellers. Currently the solver is being modified to solve inviscid flow 
past ducted propellers. 
SUMMARY OF PROGRESS 
Two Dimensional Studies:  
The two dimensional compressible Navier-Stokes solver has been used 
for numerical simulation of stall flutter and transonic flutter dip phenomena. For 
this purpose the aerodynamic solver was coupled to a two degree of freedom 
structural dynamics solver allowing the airfoil to rigidly pitch and plunge. The 
resulting solver was used to explore the stall flutter and classical flutter 
characteristics of several airfoils, through a simultaneous integration in time of 
the fluid solid dynamics equations. This solver has been shown to predict the 
onset of stall flutter. The results obtained have been summarized in Ref. [1]. The 
solver was also used to successfully predict the transonic flutter dip phenomena 
and to study the effects of various parameters, such as thickness, shape and 
viscosity on the phenomena. These results have been summarized in Ref. [2] . 
Three Dimensional Studies:  
A three dimensional Euler solver developed at Georgia Institute of 
Technology for solving flow past isolated helicopter blades has been modified 
to solve the flowfield around advanced propeller configurations. The solver may 
be used to study steady or unsteady compressible flow past single and counter 
rotating propellers. In order to make the solver efficient, a hybrid scheme is 
used. The solver is second order accurate in space and first order accurate in 
time. The accuracy has been extended to fourth order using the compact (Pade) 
formulation along the streamwise direction. 
The advanced propeller blades are somewhat flexible and under cruise 
conditions are highly loaded. This could lead to large structural deformations. 
These deformations could be critical to the performance of advanced propellers. 
In order to study the effect of deformation on the propeller aerodynamic 
performance characteristics, the solver was modified to be coupled in an open 
loop fashion with any structural solver. 
The solver allows the flowfield to be divided into different relatively 
moving blocks. This considerably simplifies flow solutions around complex 
geometries, such as counter rotating propellers or ducted propellers. An effort is 
currently underway to update the solver for solving flow past ducted propellers. 
The formulation and results obtained for single and counter rotation propellers 
are documented in detail in the Ph. D. dissertation [3] of Dr. Rakesh Srivastava, 
which will be published as a NASA CR in 1991. 
Single Rotation Propeller: , The modified solver was applied for predicting 
the aerodynamic performance characteristics and blade loading of advanced 
geometries such as the SR-3 and the SR-7 propellers. To efficiently solve the 
flowfield around an advanced propeller, the solution domain was divided into 
several blocks. In the present study the number of blocks were kept the same as 
that of the number of blades. The Euler equations are solved in one block at a 
time, with the flow properties associated with the remaining blocks being stored 
in the solid state memory. The additional fluid block boundaries were updated 
by averaging the flow properties across the boundary. The boundary conditions 
also allow for axisymmetric and unsymmetric (unsteady) flight configurations. 
The results obtained show good comparison with experimental data [6,7] for 
spanwise and chordwise blade loading. It was also possible to properly and 
accurately capture the leading edge suction peaks. These results have been 
documented in detail in Ref. [3,4]. Because Ref.4 is not yet available in an 
archival form, a copy of Ref. [4] is included in the appendix. 
Counter Rotation Propeller:  As mentioned earlier the flow solver has 
been written in a fashion to treat a complex flowfield by dividing it into different 
possibly relatively moving blocks. This scheme was utilized here to obtain flow 
solutions around counter rotating propellers by dividing the solution domain into 
blocks associated with each of the blade rows. As the blades are rotating in 
opposite direction the grid blocks will also be rotating in opposite direction with 
one common interfacing surface. The Euler equations are solved in each of the 
blocks independently. The communication between the blocks is handled by 
averaging the flow properties across the interface boundary. Using the 
averaging procedure used in the present solver allows arbitrary time steps 
without requiring complex grid distortion techniques. The solver was used to 
predict performance characteristics of a GE F7/A7 counter rotating propeller. 
The results obtained showed good comparison with experimental data [8]. The 
comparisons are not as good for lower advance ratio where the blades are 
loaded more heavily than higher advance ratios. Higher loading will lead to 
larger deformations under operating conditions. As the solver is purely 
aerodynamic, it was not possible to account for these deformations. The 
formulation of the solver and the results are documented in detail in Ref. [3]. 
Aeroelastic Effects: The solver has been also modified to allow the study 
of blade deflections and deformations under loading. However, the solver does 
not have the capability of solving structural equations. The effect of 
deformations on performance was studied by coupling the solver with 
NASTRAN in a loose open loop fashion. This requires interpolating the loads 
obtained from the aerodynamic solver grid onto the NASTRAN grid, and 
interpolating the deflections from the NASTRAN grid back onto the aerodynamic 
solver grid. First, a centrifugally deformed geometry was used to calculate aero 
loads on a SR-7 advanced propeller. These air loads were the used in 
NASTRAN to calculate a new deformed shape due to combined centrifugal and 
steady air loads. This deformed shape was then again used to obtain the 
updated air loads using the Euler solver. This study showed that as much as 
40% change in performance can be expected once the blade deformations are 
taken into account. The formulation and the iteration process has been 
discussed in detail in Ref. [3] and has been documented in Ref. [5] and may be 
found in the appendix. 
Ducted Propeller: Work is currently under way to modify the solver for 
solving the flowfield around ducted advanced propellers. Again the ability of the 
solver to divide the flow domain into different possibly relatively moving blocks 
is being used. In order to be able to resolve the suction peak of the cowl a wrap 
around C-0 grid topology is being used. The grid topology around the blades is 
being retained as H-0. The grid block around the cowl will be stationary 
whereas the grid block around the blades will be rotating with the blades. The 
communication between the blocks would again be handled by averaging the 
flow properties across the block interface boundary. The coding modifications 
have been completed however, the code has not been applied and verified at 
the present time. 
CONCLUDING REMARKS 
A versatile two dimensional Navier-Stokes solver capable of carrying out 
stall flutter and classical flutter has been developed and verified. It has 
successfully predicted the onset of stall flutter and flutter dip phenomena for 
several airfoil cross sections operating in different speed regimes. 
An efficient three dimensional Euler solver capable of obtaining flow 
solutions around advanced propeller geometries, such as single rotation 
counter rotation and ducted propellers, has been developed. The predicted 
spanwise and chordwise blade load distributions compare very well with 
experimental measurements. It has also been successfully coupled with the 
NASTRAN structural analysis program to study the effect of blade loading on 
the performance of advanced propellers. 
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Abstract 
An efficient solution procedure has been developed 
for analyzing inviscid unsteady flow put counter ro-
tating propellers. This scheme is first order accurate 
in time and second order accurate in space, and has 
been extended to fourth order accuracy in the axial 
direction. The solution procedure has been applied 
to a 2-bladed SR-7 single rotation propeller and to 
a GE F7/A7 counter rotation propeller. The pres- 
sure coefficients and the global quantities, power and 
thrust, show good comparison with experimental mea-
surements. 
Introduction 
Modern high speed propellers are designed to de-
lay the compressibility losses, and extend the high ef-
ficiency of a propeller to relatively high cruise Mach 
numbers. This is accomplished by sweeping the blade 
backwards and using thinner airfoils, on the outboard 
section of the blade. In addition low aspect ratio 
blades are used. This, combined with high tip Mach 
number, leads to high blade twist and high disk load-
ing. The requirement of high disk loading further dic-
tates a large number of blades per propeller. However, 
as the blades are very highly loaded, loss in efficiency 
due to swirl becomes important. By recovering the 
swirl losses, the efficiency can be further increased by 
4% - 5%. This can be done either by using stationary 
guide vanes, as done in turbomachinery, or another 
set of blades rotating in opposite direction. The latter 
configuration of counter rotating blades is currently 
under study by industry. 
Several numerical techniques varying in complexity 
from simple Goldstein type strip analysis to analy- 
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ses that solve the Euler and Navier - Stokes equa-
tions references [1 - 10], have been applied to single-
rotation propellers. Several researchers have extended 
these earlier works to counter rotation propellers. Ce-
lestine et al. [11] have solved the steady Euler equa-
tions around a counter rotating configuration by cast-
ing the equations in blade fixed coordinates, where the 
axisymmetric flow reduces to a steady flow problem. 
Whitfield et al. [9] solved the unsteady Euler equa- 
tions around the counter rotating configuration using 
a finite volume scheme. The scheme was later modified 
in Ref. [12] to allow arbitrary time step. Kobayakawa 
and Nakao [13] have solved the flow field around a 
counter rotating propeller by recasting the unsteady 
Euler equations in a weak conservation form. These 
equations are discretized using finite difference formu-
las, then solved using an Alternating Direction Implicit 
(ADI) scheme. 
Objectives 
The primary objective of the present research is 
to develop a method for predicting the aeroelastic 
characteristics of a counter rotating propeller. The 
method developed has the capability to incorporate 
blade static deformation, rigid blade dynamics, and 
dynamic elastic deformations, as described in the first 
author's Ph. D. thesis [14]. As a first step towards 
using this solver to such aeroelastic applications, this 
method has been applied to the computation of the 
steady airloads and performance characteristics of the 
SR-3 and SR-7 single rotation propeller, and for the 
GE F7/A7 unducted counter rotating propeller. 
Formulation 
Solution Procedure:  
The Euler equations, in conservation form, in a 
Cartesian coordinate system can be written as 
(4): + (E)5 + (E), + (a): = 0 	( 1 ) 
where 4 is the vector containing conserved flow prop- 
erties. E, F and G are the nonlinear flux vectors which 
are functions of the vector 4, the subscripts denote the 
partial derivative of the vector. To simplify treatment 
of arbitrary geometries, the Euler equations in (1) are 
transformed and recast in a generalized coordinate sys-
tem. The transformed equations are then solved using 
a semi-implicit hybrid algorithm similar to the scheme 
by Risk and Chaussee [15]. In the present scheme, in 
order to decrease the computational time, flux terms 
in two directions (f, (), are treated implicitly while 
the radial direction (n) flux terms are treated semi-
explicitly. The n derivative is obtained using the lat-
est available values of the flow variables. This leads 
to a system of block pentadiagonal 
fluxes 
 system of equa- 
tions coupling the nonlinear uxes E and G. As in 
the Beam-Warming algorithm [16] these fluxes are lin-
earized about their values at the previous time level, 
resulting in a block penta diagonal system of equations 
for the changes in the flow properties. This penta diag-
onal system is approximately factored into two block 
tridiagonal system of equations, and inverted using 
Thomas algorithm. Second or fourth order spatial ac-
curacy in any one or more directions can be easily 
achieved. 
This method requires only two inversions of the 
block tridiagonal matrix, in the two implicit directions. 
It also reduces the memory requirement as only two 
time levels of information needs to be stored at any 
given time, one of which needs to be only two dimen-
sional. Using this technique the solver marches along 
the radial direction, solving the equations one radial 
plane at a time. The marching direction is reversed af-
ter every time step, in order to remove any dependency 
on the marching direction. 
Because, two rows of blades in relative motion must 
be analysed, the flow field is solved using multi block 
grid technique, with only one grid and its solution be-
ing in the core memory at any given time. The in-
terface boundary points, and the adjoining nodes used 
to update them are always kept in the core memory. 
The interface boundaries are updated explicitly after 
all the interior points have been updated. 
Initial and Boundary Conditions  
The Euler equations are solved by marching in time. 
This requires an initial condition for the flow field. The 
initial conditions may be important to rate of conver-
gence and, convergence itself. Hence, it is important 
to use a reasonable initial condition. An easily imple-
mented initial condition used here is to set the whole 
flow field at its free stream value. 
In the present analysis the flow variables at the 
boundaries are updated explicitly after the governing 
equations have been solved for the interior flow field. 
On the solid surfaces of blade and nacelle the no pen- 
etration condition is applied as: 
0 	 (2) 
Where Vb is the relative velocity vector between fluid 
and solid at the surface and n is the outward unit 
vector normal to the surface. The tangential veloc-
ity components are extrapolated from interior of the 
domain. 
For steady state calculations all disturbances from 
the solid surface must propagate to infinity. On the 
subsonic inflow boundary, one characteristic should be 
allowed to escape. Hence, density is extrapolated and 
the three components of momentum, and energy are 
fixed at the free stream value. For a supersonic in-
flow boundary, all quantities are fixed to that of the 
free stream. At the subsonic outflow boundary, four 
characteristics should escape, thus four fluid properties 
are extrapolated from interior of the domain using the 
one dimensional characteristics approximation as dis-
cussed in Ref. [9]. The static pressure is obtained by 
solving the simple radial equilibrium equation [17]. 
ap 
( 3 ) ar 
where, p is the pressure, p is the density, ve is the 
tangential velocity, and r is the radius. 
For supersonic outflow, all characteristics should es-
cape, hence all quantities are extrapolated from inside 
the flow domain. 
Block Interface Boundary  
It is neither efficient nor practical to solve all the 
blade passages simultaneously, hence, one blade pas-
sage is handled at a time. This introduces additional 
boundaries in the computation. Across these bound-
aries all the variables must be continuous, except on 
solid boundaries. The boundary condition, for these 
boundaries, depends on the type of flow being solved. 
Axisymmetry would require periodicity at the fluid 
block interface boundaries. Periodicity will require 
that the boundaries between the blade passages have 
the same fluid properties. 
For an unsymmetric flow, the periodicity on these 
boundaries do not exist. Also in order to obtain the 
solution for such a problem, the flow field in all blade 
passages should be solved. This is done by advanc-
ing the solution of each block by one time step, one 
block at a time. In this case again the boundaries are 
updated explicitly, after the interior points have been 
updated. This is done by averaging the flow variables 
from the nodes on each side of the boundary from the 
adjoining blocks. 
2 
Row Interface Boundary  
To simplify the solution procedure the domain of 
counter rotating blade is divided into two sets of blocks 
associated with each blade. This creates an additional 
fluid boundary. Proper handling of this boundary is 
critical as it is through this boundary each row of 
blades feels the presence of the other. As the rest 
of the boundaries, this boundary is also updated ex-
plicitly after the interior of the computational domain 
has been updated. The flow properties on this bound-
ary is updated as the average of the values of adjacent 
constant axial planes. However as the two blocks are 
rotating in the opposite direction, the grid lines do not 
always align. 
To carry out the averaging process the solution 
needs to be known for the 360° ring at the axial lo-
cation adjacent to the row interface boundary. For an 
unsymmetric flow field (e. g. propeller at an angle of 
attack) this information is automatically available, as 
all the blade passages are solved. For an axial flight, 
where only one blade passage needs to be solved for 
each blade row, this information is obtained by imag-
ing the block data to obtain flow properties for the 
360° ring. 
A schematic of the grid at the interface boundary 
for a constant rl plane is shown in figure 1. The 
I = IMAX plane for the front blade row, and I = 1 
plane of the rear blade row form the interface bound-
ary. The interface boundary of the rear blade row is 
updated first, one grid point at a time. In order to up-
date the flow properties at the node B (refer to figure 
1), the grid line AB is extended until it intersects the 
plane I = IMAX — 1 of the front row at point C. The 
flow properties are then obtained at point C by inter-
polating from the flow properties of the IMAX — 1 
plane using a Lagrangian polynomial fit. The node B 
is then updated by taking the average of the values at 
node A and point C. This is repeated for all the nodes 
associated with I = 1 plane of the rear row. • 
Again, for an axisymmetric flow field this is done 
for only one block and the solution is imaged. For 
an unsymmetric flow field, the process is repeated for 
all the nodes for all the blade passages. The boundary 
I = IMAX of the front row is then updated by simply 
interpolating flow variables from the boundary I = I 
of the rear row. The only requirement in this process, 
in order to minimize the error, is that the constant 
radial-surfaces from both the rows, at the interface 
boundary, be at the same radial distance. 
Results and Discussion 
Single-Rotation Propeller Studies  
The hybrid numerical scheme discussed in the pre-
vious section was first applied to a single rotation pro-
peller in [18] and has been validated for several flight 
conditions in [14]. In figure 2 the pressure coefficient 
for a two bladed SR7 propeller is compared with ex-
perimental data [19] for different span location, for free 
stream Mach number of 0.2, advance ratio of 0.883 and 
setting angle of 30.4°. These calculations were carried 
out using the fourth order scheme on a 100 a 22 x 35 
grid, with 46 x 15 grid points on each of the blade 
surfaces. The effect of grid spacing in the normal di-
rection is also shown in this figure. Three different 
normal spacings have been used, however, the number 
of grid points have been kept same. As can be seen, 
the smaller the normal spacing, the better is the com-
parison with experimental data, especially the suction 
peak. The comparison of pressure coefficients are good 
all along the span of the blade. 
The error for larger normal spacing is greater for the 
inboard stations where the airfoil sections are thicker 
and the pressure suction peaks are higher. Using a 
second order accurate scheme leads to large wiggles 
near the leading edge [14]. This has been considerably 
reduced for the fourth order scheme. Increasing the ac-
curacy to fourth order using the Pade approximation 
does not significantly increase the computer require-
ment. The only additional work required is to invert 
a tridiagonal matrix for each grid line in the direction 
of the higher accuracy, as discussed in Ref. [14]. 
A leading edge vortex exists for this flight condition, 
as can be observed from the plot of measured pressure 
coefficients. The vortex moves down the chord, and is 
near the midchord, near the tip region. As a leading 
edge vortex is a purely viscous phenomena, it may not 
be possible for an Euler analysis to properly capture 
it. 
Counter Rotation Propeller Studies  
The scheme has been applied here to a GE F7/A7 
counter rotating propeller operating at a freestream 
Mach number of 0.71. This propeller has 8 blades in 
each blade row. Both the blade rows operate at the 
same advance ratio. The blade setting angles reported 
in experiments were 58.5° for the front blade row and 
55.7° for the rear blade row. The setting angles were 
changed to 56.7° for the front row and 56.2° for the 
rear row, to match the power coefficient at the advance 
ratio of 3.0. These setting angles were then used for 
all other advance ratios. Again, as in the case of single 
rotation propeller, a body fitted H-0 grid was used for 
calculating the flow field around the counter rotating 
propeller. A wire frame gird is shown in figure 3. For 
the eight bladed GE F7/A7 propeller each blade row 
has 58 x 22 x 15 grid points for each blade passage 
with 25 x 15 grid points on each blade surface. 
In general, in order to model the influence of adja-
cent blades (cascade effect) the entire propeller with 
all the blades (passages) need to be solved. However, 
for an axisymmetric flow field, with same number of 
blades in both the rows, considered here, all blade pas-
sages of one blade row can be assumed to be identical. 
Hence, only one blade passage, for each blade row, 
is solved enforcing the conditions of symmetry. Even 
though the flow field is axisymmetric, it is unsteady, 
being periodic through the blade passages for each row. 
Therefore, the power coefficient was monitored, rather 
than the residuals to determine the convergence of the 
solution. For the advance ratio of 3.0, the variation of 
power coefficient is plotted versus rotation angle of the 
front row of the blade in figure 4. As can be seen, af-
ter approximately two and a half revolutions the power 
coefficient has reached to a converged value. 
The power coefficients and the thrust coefficients 
are compared with experimental data [20] in figures 
5 through 7 and 8 through 10, respectively. The total 
power and thrust coefficients are overpredicted at the 
lower advance ratio, whereas they compare well with 
experiment for higher advance ratios. The individual 
blade row power coefficients, exhibit the same trend, 
whereas the thrust coefficient is consistently overpre-
dicted for the front row. In figure ll the variation of 
torque ratio, (aft rotor : front rotor), with advance 
ratio is compared. The torque ratio is well predicted 
for all advance ratios. 
Froth these figures, it can be seen that the predic-
tion of the global performance quantities compare well 
with experimental data. At the lower advance ratios, 
the blades are heavily loaded. This causes the blade 
to deflect more during operation. It is not possible 
to account for such deflections in a purely aerody-
namic code. Also the Euler calculations tend to over-
predict the shock strength, which will lead to higher 
wave drag. Furthermore, the present inviscid analysis 
cannot account for complex shock wave and bound-
ary layer interaction, flow separation and leading edge 
vortices. Any or all of the above factors may have 
contributed to the overprediction of the performance 
parameters at the lower advance ratio. 
In figures 12 through 15 the pressure and density are 
plotted at two constant radial locations, at the nacelle 
surface and near the midspan. The front rotor is rotat-
ing in a counter clockwise direction, and the aft rotor 
is rotating in the clockwise direction, as viewed from 
the front of the propeller (left side of the figure). The 
freestream is moving from left to right, with a relative 
Mach number of 0.71, and the advance ratio, for both 
the blade rows, is 3.0. The pressure and the density 
plots shown in these figures, show that the treatment 
of the interface boundary as discussed earlier does not 
introduce any significant error. In fact it is very dif-
ficult to locate the boundary from these figures. The 
interface boundary lies exactly halfway between the 
two blade rows. Furthermore, these figures also show 
that a strong shock exists on the suction surface of the 
front blade, at approximately midchord. This shock 
does not extend from blade to blade, and its strength 
reduces, away from the centerbody. The shock also 
moves downstream along the chord, and is almost at 
the trailing edge, near the midspan location. The aft 
blade does not have a strong shock. Our calculations 
also show that the total temperature rises in the rear 
row due to the work done by the front row on the fluid. 
Concluding Remarks 
A solution procedure for computing inviscid flow 
past single and counter rotation propellers has been 
developed. This procedure is computationally effi- 
cient, and may be used to study the aerodynamic per-
formance characteristics of modern propellers. 
The calculations also shows that a sufficiently fine 
grid must be used in the normal direction to capture 
the large suction peaks at the leading edge regions of 
propeller blades. The study of the counter rotation 
propeller showed that the present scheme of handling 
the row interface boundary allows arbitrary time step 
without requiring any complex interpolation or grid 
deformation technique. The error introduced does not 
seem to be significant. Furthermore, the global quan-
tities, power and thrust, and their variation with ad-
vance ratio compares well with experimental measure-
ment. 
Computer Requirements:  
All of the above computations were performed on 
the CRAY XMP24 computer available at NASA Lewis 
Research Center. For a grid size of 58 x 22 x 15, used 
for each block, the total memory and CPU time per 
time step required were 1.3 MW and 1.7 sec. respec-
tively. 
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Figure 1: Row-Interface Boundary 	 Figure 2: (Continued) 
Figure 2: Comparison of Chordwise Variation of Pres-
sure Coefficient at Constant Span Locations for SR7L 
2-Bladed Propfan Operating at Mce = 0.2. 
Figure 2: (Concluded) 
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Figure 4: Power Coefficient Convergence Trend for GE 
F7/A7 Counter Rotation Propfan. 
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cient for GE F7/A7 Counter Rotation Propfan. 	GE F7/A7 Counter Rotation Propfan. 
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Figure 10: Comparison of Rear Rotor Thrust Coeffi-
cient for GE F7/A7 Counter Rotation Propfan. 
Figure 12: Density Contours at Constant i Plane on 
Nacelle for GE F7/A7 Counter Rotating Propfan. 
Figure 11: Comparison of Aft Rotor : Forward Rotor 
Torque Ratio for GE FT/A7 Counter Rotation Prop-
fan. 
Figure 13: Density Contours at Constant n Plane Near 
Mid Span for GE F7/A7 Counter Rotating Propfan. 
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Figure 14: Pressure Contours at Constant n Plane on 
Nacelle for GE F7/A7 Counter Rotating Propfan. 
Figure 15: Pressure Contours at Constant q Plane 
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Abstract 
An efficient three-dimensional hybrid scheme is applied for solving Euler equa-
tions to analyze advanced propellers. The scheme treats the spanwise direction semi 
explicitly and the other two directions implicitly, without affecting the accuracy, as 
compared to a fully implicit scheme. This leads to a reduction in computer time and 
memory requirement. 
The calculated power coefficients for two advanced propellers, SR3 and SR7L, 
and various advance ratios showed good correlation with experiment. Spanwise dis-
tribution of elemental power coefficient and steady pressure coefficient differences a:sc• 
showed good agreement with experiment. A study of the effect of structural flebility 
on the performance of the advanced propellers showed that structural deformation 
due to centrifugal and aero loading should be included for better correlation. 
*Member AIAA and AHS. 




It has been known for some time now that the best propulsive efficiency is of-
fered by propellers. However the efficiency drops off very rapidly as the cruise Mach 
number increases beyond 0.5, as high tip Mach numbers lead to high compressibility 
losses (due to wave drag). Currently an effort is underway to improve the propulsive 
efficiency of commercial and military aircraft. Newly designed high speed advanced 
propellers, also known as propfans, show a very high propulsive efficiency at cruise 
speeds upto Mach 0.8 [1]. 
The propfans are designed to delay the compressibility losses, thus extending 
the high efficiency of a propeller to relatively higher cruise Mach numbers. This 
is accomplished by sweeping the blade backwards and using thinner airfoils, on the 
outboard section of the blade. In addition low aspect ratio blades are used. This, 
combined with high tip Mach number, leads to high blade twist and high disk loading. 
The requirement of high disk loading further dictates a large number of blades per 
propeller, which must maintain structural integrity. However, these special features 
of the propfans lead to new problems. 
One of the critical problems arises due to the fact that these blades are thin and 
hence moderately flexible. They are also highly swept near the tips, and hence are 
succeptible to transonic classical flutter or large amplitude oscillations. As concluded 
by Mehmed and Kaza [2], through wind tunnel tests of a propfan, there exists a 
strong aerodynamic coupling or cascade effect between blades. They also observed a 
classical bending - torsion unstalled flutter for a wide range of blade loading. 
To understand and alleviate the problems associated with the propfan, the flow 
phenomena on the blades have to be accurately known. Also, in order to obtain the 
loads, an accurate prediction of pressure distribution on the blade is required. These 
could be obtained through experimental or numerical techniques. At the design stage 
experimental techniques are very expensive. Therefore, a need definitely exists to 
support the development of potentially high propulsive efficiency propfans through 
numerical techniques. With numerical techniques it is easier and cheaper to obtain 
pressure distribution, and flow details can easily be obtained at any point in the flow 
field. 
2 
The existing numerical methods vary in complexity from simple Goldstein type 
strip analysis to analyses that solve the Euler and Navier - Stokes equations. The 
strip theory based on Goldstein's work 131, assumes the flow to be inviscid and incom-
pressible (hence irrotational). The propeller is modeled by a lifting line vortex and 
the wake is assumed to be composed of a rigid helical vortex sheet. In this analysis 
the propeller is restricted to having straight blades and no provision can be made 
for the nacelle, since the vortex wake extends to the axis. Sullivan 141 has improved 
on this method by using the curved lifting line concept to account for the sweep. In 
this approach the vortex wake is represented by a finite number of vortex filaments in 
place of the continuous sheet of vorticity as used in Goldstein's approach. The anal-
ysis has been further extended in reference 15i by placing the vortex filaments along 
the stream surfaces so that they conform to the shape of the axisymmetric nacelle. 
Hanson [6] and Williams :7; applied the Kernel function approach to a propfan 
blade. They numerically solve a linear integral equation for upwash angle due to the 
blade pressure distribution by discretizing the load representation. The friction drag 
is obtained from the two- dimensional airfoil tables as a function of lift coefficient for 
the appropriate section camber, thickness and a Mach number adjusted for sweep and 
three-dimensional effects. The induced drag is obtained by determining the kinetic 
energy-per-unit-length of the far wake. The methods mentioned so far are based on 
linearized analyses. However, as the advanced propeller operates at or near transonic 
tip Mach number, flow nonlinearities may become important. 
Jou 181 has applied the finite volume approach of Jameson 	for the analysis 
of propfans using full potential equation. The formulation was not able to provide 
converged solutions for free stream Mach numbers greater than 0.6. It was concluded 
that strong rotational flow effects were present near the leading edge, which could 
not be modelled by the potential equation. In addition the potential flow equations 
at times, lead to non-unique solutions. 
Chausee [10] and Whitfield et al. 111] have applied the unsteady ; three dimen-
sional Euler equations to the propfan geometry. Matsuo et al. ;12] have recently 
solved the full Navier - Stokes equations around a. propfan. Some of these methods 
have been reviewed in reference 113], with regards to performance prediction. 
All the analyses mentioned so far, with the exception of Whitfield et al. [11] have 
been for axisymmetric flows. For a propfan in flight configuration, the flow is not 
axisymmetric. Even for cruise conditions the nacelle is at an angle of attack to the 
free stream, which destroys the axisymmetric nature of the flow. A true unsteady 
analysis would permit the analysis of the propfan in all flight configurations, including 
climb and descent. The propfan may also encounter off design conditions such as gusts 
or cross winds due to the disturbances in atmosphere. The cross winds could result 
in the propfan being exposed to the wake of the fuselage. The performance of the 
propfan due to gusts or fuselage wake may be very critical for the safety of the aircraft, 
and it should be possible to include them in the analysis. 
The primary objective of the present research is to develop a method to solve 
unsteady Euler equations to predict flowfield around a propfan. The solution method 
should be able to solve the unsteady flow field around a propfan in non-axisymmetric 
flight condition, undergoing time dependent forcing function, unsteady blade vibra-
tory motion etc. To accomplish this objective, a versatile body fitted grid is used. 
The blade motion is simulated by grid motion, allowing any time dependent blade 
motion. This will permit the calculation of both forced and free response due to 
any time dependent forcing function for a flexible blade. It also allows the governing 
equations to be cast in Cartesian coordinates, and yet be able to simulate a rotating 
blade. A Cartesian grid system simplifies the governing equations, as the Coriolis 
forces do not appear explicitly. This is true not only for a rotating blade but also for 
a blade undergoing time dependent arbitrary motion. 
The governing equations in fully conservative form are discretized using second 
order accurate central differencing for the spatial derivatives and a first order upwind 
differencing for the temporal derivative, to obtain a set of algebraic equations. The 
Alternating Direction Implicit (ADI) scheme is used to solve the algebraic equations. 
The geometry of the propfan and the spanwise load distribution permits the grid to 
be at least an order of magnitude larger in the spanwise direction as compared to 
the other two directions. This allows the radial direction fluxes to be treated semi 
- explicitly, and the other two directions implicitly, without affecting the accuracy 
4 
significantly as compared to a fully implicit scheme. Treating one direction semi-
explicitly requires only two costly inversions of block tridiagonal matrix, as opposed 
to three inversions for a fully implicit scheme, per time step. It also reduces the 
memory requirement as only two time levels of information needs to be stored at any 
given time, one of which needs to be only two dimensional. The use of such a hybrid 
scheme leading to reduction in computer time and memory requirement makes the 
scheme more efficient. 
The specific objectives of the present paper are 1) to apply an efficient hybrid 
scheme to analyze advanced propellers, 2) to calculate steady performance, 3) to 
include structural deformation, due to centrifugal and steady aero loading in the 
analysis, 4) to study the effects of structural flexibility on the performance of advanced 
propellers. The governing equations and the numerical solution method are described 
first, followed by results and discussion. The methods developed here are expected to 
be helpful for future aeroelastic research. 
Formulation 
Aerodynamic Model:  
The Euler equations, in conservation form and in Cartesian coordinates, can be written as: 
CcO t + (E) + (1')v (0)z = 0 	 (1) 
where ei is the vector containing conserved flow properties. E, t and G are the 
nonlinear flux vectors which are functions of the vector 4. The subscripts denote the 
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where p is the fluid density, u, v, w are the inertial Cartesian components of the flow 
velocity, e is the total energy of the fluid per unit volume and p is the hydrodynamic 
pressure and may be expressed using the equation of state for perfect gas as: 
 p = (7 — 1)[e — 2 p(u -
2 
 + v -
2 
 + w 2 )] 
1 	
( 3 ) 
where 7  is the ratio of specific heats. The advantage of using the conservation form is 
that it ensures the conservation of physical flux properties across discontinuities (e.g. 
shock) in the flow [14]. 
In order to analyze flow past an arbitrary geometry undergoing arbitrary motion, 
these equations need to be transformed and recast in a generalized coordinate system. 
The coordinates of the generalized system, have the following one to one relationship 
with the coordinates in the physical domain of interest : 
6 = 6(x, y, z, t) 




T = t 
These coordinates are non orthogonal and completely general. The equation (1) 
can be rewritten as: 
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U, V, and W are the contravariant velocities, and J is the jacobian and G, .77„ 
etc. are the metrics of transformation. 
Initial and Boundary Conditions 
A large number of problems can be described by the same set of governing equa-
tions. It is the proper application of the boundary condition that makes the solution 
unique to any given problem. Hence using proper and physically meaningful boundary 
conditions is as important as the correct governing equations. 
The initial conditions may be critical to convergence of the numerical scheme. An 
intelligent guess of the initial conditions could help in achieving convergence faster. 
For these calculations the free stream conditions are used as the initial condition. 
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In the present analysis the flow variables at the boundaries are updated explicitly 
after the governing equations have been solved for the interior flow field. The following 
boundary conditions need to be addressed: 
The blade and nacelle - surface boundary condition :  
Physically, there can be no flow through or on a solid surface, hence the velocity 
on a solid surface must go to zero. The physical boundary condition of no slip can 
be ignored for the Euler equations. Thus the boundary condition on the blade and 
nacelle surfaces can be mathematically written as: 
ri, = 0 
	
( 7) 
Where 17b is the velocity vector at the surface and n is the unit vector normal to 
the surface. The velocity vector Vb ,at any point (x, y, z) in the blade fixed coordinate 
can be given as 
Vb  = (u — x r )i + (v — yr)3 + ( w — z,)ic 	 (8) 
Far-field conditions :  
Since the propfan is operating in free air, the far field conditions should be the 
same as that of the free air. For steady state calculations all disturbances from the 
solid surface must propagate to infinity. On the subsonic inflow boundary, one char-
acteristic should be allowed to escape hence p is extrapolated and the remaining 
variables pu, pv, pw and e are fixed at the free stream value. For a supersonic inflow 
boundary, all quantities are fixed to that of the free stream,as disturbances cannot 
travel upstream in a supersonic flow. At the subsonic outflow boundary, four char-
acteristics should escape, thus the four quantities p, pu, pv, pw are extrapolated from 
inside while the pressure is fixed to that of the free stream. For supersonic outflow, 
all characteristics should escape, hence all quantities are extrapolated :loin inside the 
flow domain. 
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The block interface boundary :  
It is neither efficient nor practical to solve all the blades at the same time, hence, 
one blade passage is handled at a time. This introduces additional boundaries for 
computation. Across these boundaries all the variables must be continuous, except on 
solid boundaries and boundaries downstream of the blade. The boundary condition, 
for these boundaries, depends on the type of flow being solved. An axisymmetric flow 
would require periodicity on the fluid interface boundaries. Periodicity will require 
that the two boundaries have same fluid properties. As shown in figure (la), the fluid 
properties at the boundaries K=1 and K=KMAX are updated as the average of fluid 
properties at K=2 and K=KMAX-1 for a symmetric flow field. 
For an unsymmetric flow, the periodicity on these boundaries does not exist. 
Therefore, in order to obtain the solution for such a case, the whole propfan should 
be solved. This is done by advancing the solution of each block one time step, one 
block at a time. In this case again the boundaries are updated explicitly, after the 
interior points have been updated.This is done by averaging the flow variables from 
the nodes on each side of the boundary from the adjoining blocks. Referring to figure 
(lb), (the subscripts refer to the corresponding block) the quantities at boundary 
K=KMAX of block N (which is also the boundary K=1 for block N+1) would be 
the average of flow quantities at K=KMAX-1 of block N and K=2 of block N+1. In 
doing so the latest available values at any given time are used. 
Solution Procedure:  
The descretized forms of the governing equations described earlier, are solved using a 
hybrid scheme, described in next section. The algebraic equations are approximately 
factorized and solved using the ADI scheme. An implicit method is more demanding 
as far as coding is concerned. However it allows larger time steps to be taken as 
opposed to the explicit schemes. 
Time integration is carried out using the first order accurate Euler implicit rule 
qn-1-1 = 	+ 
a cin±1 
(9 ) a; 
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where the superscript n denotes the current time level, at which the flow variables 
are known, and it + 1 the next or unknown time level. Even though this is a first 
order accurate scheme, satisfactory time accuracy is obtained because a relatively 
small time step is required to maintain numerical stability. 
Substituting the Euler equations (5) in (9) we get 
qn+1 = qn AT (Ee F,, Gc )n+1 
	
(10) 
The partial derivatives E E , F,,, G c are obtained using the standard second order 
accurate central differences. 
The hybrid scheme:  
In order to decrease the computational time, flux terms in two directions (e, C), are 
treated implicitly while the radial direction (7i) flux terms are treated semi-explicitly. 
The n derivative is obtained using the latest available values of the flow variables. 
This method requires only two costly inversions of the block tridiagonal matrix, in 
the two implicit directions. Rizk and Chausee [15] first used this hybrid scheme with 
the Beam and Warming algorithm. Using this technique the solver marches along 
the n direction, solving the equations one 77 plane at a time. The marching direction 
is reversed after every sweep, in order to remove any dependency on the marching 
direction. Equation (10) can then be rewritten as : 
qn+1 = qn AT 	E71-1 Grct+1) 




during the odd time steps, and 
F t7.1j-1 +1 , k 
2An 
during the even time steps. 
The above discretization leads to a set of algebraic equations for q. These equa-
tions are costly to solve since the flux vectors E and G are highly nonlinear. The 
nonlinearity is removed by linearising the fluxes about the previous time step value, 
resulting in the following linear equation : 
	
[I + AT (8.11n ÷ 8c /3n)] qn+1 = [I + 	(e5,4n Sc ./3n)] 	qn Rn'n+1 	(12) 
where 
Rn,n+1 = _A T (8e En 817 Fn,n+1 sc Gn) 
	
(13) 
and the operator notation 8JAq) = [5c4]q and S c (Bq) = [8c ./3]q is used. 
This Euler equation formulation can be very easily extended to solve the Navier-
Stokes equations by simply adding the viscous terms to the right hand side. This 
does not alter the numerical formulation. 
Now defining Aqn+1 = cin+1 — qn, we can rewrite the equation (12) as 
+ Ar ( 15An 8 ( Bn)] A cin+1 = Rn,n+1 	 (14) 
Only two levels of storage, q and Aq, are required, and since one direction is 
treated explicitly, the Aq array and the residual array Rn'n+1 need to be only two 
dimensional. It is also possible to store Aq and Rn.n+ 1 in the same memory locations, 
further reducing the memory requirements. 
Even though the governing equation has been linearized, equation (14) is still 
very difficult to solve, as the matrix operator on the left hand side is very large and 
very sparse. However the matrix operator can be approximately factorized as 
[I AT (5f A S c E1)] = [I + ArSc A] [I + r 5c .13] + 0 (A7 2) 	(15) 
This factorization does not affect the temporal accuracy. Equation (14) can then 
be written as 
[I + A7-.5111 [I + Ar5 cBn] Acr+1 1 = Rnm+1 
or defining 
cr n-1-1 = 	+ AT 	kir] Aqn-1-1 
we get the following system of equation: 
	
+ ATE4An] Ac •-1-1 	= 	Rn,n+1 





These equations can be easily solved for Air' by performing two successive 
block tridiagonal inversions. Since the and C  directions are uncoupled, the two 
inversions are performed first with a sweep and then with a (-sweep, thus the name 
`Alternating Direction'. These inversions are performed at each spanwise station, 
marching along the spanwise direction. As mentioned earlier, the marching direction 
is reversed every iteration. Each element of the block tridiagonal matrix has 5 x 5 
elements. 
Artificial Dissipation:  
The use of central difference, makes the scheme mildly unstable, and also introduces 
odd even decoupling. This is remedied by adding artificial dissipation. The imple-
mentation of artificial dissipation, in the present work is based on the formulation 
of Jameson et al. [16]. This scheme has a second order implicit dissipation and a 
blend of second/ fourth difference explicit dissipation terms. A scaling factor for both 
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implicit and explicit dissipation is employed to control the amount of dissipation in 
the scheme. Adding the dissipation terms, equations (18) and (19) can be written as: 
[/ -I- AT (5 Ane iDie )] Aq- n+1 
	
Rn,n+1 cE DE AT 	(20) 
lI
+ Ar (6c .Ba e/D/c )1 Acr+ 1 
	A crn-I-1 	 (21) 
where D1 and D Ic are second order implicit disiipation terms and DE is the explicit 
dissipation term, given in reference [22]. el and eE are user supplied constants, which 
depend on grid spacing. At the boundaries the fourth order differences are repalced 
by second order differences. 
Aeroelastic Model:  
As mentioned earlier, the propfan has thin, swept, and twisted blades. Since 
the blades are thin and flexible, deflections due to centrifugal and steady aero loads 
are large. Hence, the aeroelastic problem is inherently nonlinear, requiring geometric 
nonlinear theory of elasticity [17]. 
The blades have large sweep and twist, which couples blade bending and torsional 
motions. They behave like plate-like structures because of the low aspect ratio. These 
factors require a finite element structural model which accounts for centrifugal soft-
ening and stiffening effects and, possibly, Coriolis effects. It has been found that the 
Coriolis effects are negligible for thin blades [18]. The centrifugal terms are important 
because of large blade sweep and flexibility. By assuming a rigid hub, the blades are 
structurally decoupled from one another. Consequently, it is sufficient to structurally 
model just one blade. Then, the governing aeroelastic equation can be written as 
{[K(0).] [K(u)]} {u} = {PM} 	 (22) 
where [KO-2,M is the centrifugal softening matrix, which is a function of the 
rotational speed, St, [K(u)] is the nonlinear stiffness matrix which is a function of the 
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nodal displacements, {u} represents the blade deflections at the finite element nodes, 
and {P(u)} is the equivalent aerodynamic force vector. 
In the present paper, the geometric nonlinear analysis was perfomed using the 
MSC/NASTRAN [19], in which the geometric nonlinear analysis is identified by " 
solution 64". The Solution 64 uses a modified Newton-Raphson algorithm, along 
with load updating to simulate the correct displacement-load relationship. It has 
the capability to update the displacement dependent centrifuga forces. The solution 
sequence is controlled through "subcases" or iterations with a minimum of two being 
required. The first subcase computes the initial, linear deflected shape. Subsequent 
subcases, then use the previously deflected shape to compute the differential stiffness 
matrix along with the new set of displacements [20]. 
The iterative method of solving equation (23) is shown in figure (2). Basically, a 
centrifugally deformed geometry is used to calculate steady aero loads with the Euler 
solver described in the previous section. These aero loads are then used to calculate a 
new deformed shape due to combined centrifugal and steady aero loads. The process, 
steps 4-6, is repeated until a converged, deformed geometry is obtained i.e., until the 
change in deflection from the (i 1)t h  iteration is equal to that from the i th iteration. 
Results and Discussion 
The hybrid numerical scheme discussed in the previous section, was first applied 
to an isolated aircraft wing in reference [21] and to a helicopter rotor blade in reference 
[22]. Typical results showing blade loading, are reproduced in figures (3) and (4). 
As can be seen from both these figures, the hybrid scheme is able to predict flow 
phenomena of varying complexity with fairly good degree of accuracy. 
The propfan blade has a much. more complex shape than the aircraft wing or 
the helicopter blade. The high twist, large sweep, low aspect ratio, close proximity 
of other blades, presence of nacelle and thinner blades near the tip, make the flow 
field around it very complex. In the following, the flow solutions obtained for two ad-
vanced propellers, namely SR3 and SR7L, are presented. The calculations have been 
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performed on a 'hot shape', obtained by including the deflections due to centrifugal 
loading in the undeflected blade shape ('cold shape'). 
A body fitted H-0 grid was used for these calculations. A typical grid used in 
the calculation is shown in figure (5). The domain of calculation was taken to be 
the region between two blades with upper surface of one blade and lower surface of 
the adjoining blade as the boundaries of the domain. This region is referred to as 
blade passage. In general, in order to model the influence of adjacent blades (cascade 
effect) the entire propfan with all the blades (passages) are solved. However, for an 
axisymmetric flow field, considered here, all blade passages can be assumed to be 
identical, and only one blade passage is solved enforcing the conditions of symmetry. 
SR3 Propfan  
The hybrid scheme, described earlier, was used to solve the flow field around an 8-
bladed SR3 propfan. The SR3 propfan was designed to operate at a free stream Mach 
number of 0.8, advance ratio of of 3.06, at an altitude of 30,000 feet. Experimental 
data has been reported in [23], and the results obtained from the present analysis are 
compared in figures (6) and (7). 
Figure (6) shows a comparison of the power coefficient of the propfan as a function 
of the advance ratio, with experimental [23] data. It also shows the comparison 
with other published numerical results [11, 12]. As can be seen the comparison with 
experiment is good, however the power coefficients are consistently overpredicted. 
The results compare well with other published results, as well. As shown in reference 
[23] the power coefficients are quite sensitive to the blade setting angle, however an 
accurate measure of the blade setting angle, is difficult. Also, since the blades 
are thin and somewhat flexible, they are susceptible to deformations under loading 
during operation. These deformations result in a modified twist distribution on the 
blade. Also, the viscous effects are not included in the present analysis. Any or all 
of these phenomena could contribute to the overprediction of the power coefficient. 
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The variation of elemental power coefficient with radial location is plotted and 
compared with experimental results in figure (7). In order to obtain a more meaningful 
comparison, the flight conditions were modified slightly in the numerical calculation, 
so as to match the experimental power coefficient. The power coefficient measured 
in experiment was 1.385 for a free stream Mach number of 0.8, ie setting angle of 
60.7 deg and the advance ratio of 3.002. The calculations were carried out with the 
free stream Mach number of 0.8, the setting angle of 58.5 deg and the advance ratio 
of 3.002 to obtain the same power coefficient. As can be seen a fairly good correlation 
is obtained, however, the elemental power is underpredicted for the inboard stations 
and overpredicted for the outboard stations. This is because the effect of the tip 
vortex is not properly accounted for. In these calculations no wake modelling is 
included, also the grid is not fine enough to properly capture the strength of the tip 
vortex. Capturing a weaker tip vortex results in smaller downwash velocity near the 
tip region, thus resulting in an over prediction ob blade loading near the tip. As 
the total power is . matched with the experiment, an overprediction in the tip region 
results in an under prediction on the inboard region. 
SR7L Propfan  
The SR7L propfan has been designed for an operating free stream Mach number 
of 0.8, rotational speed of 1700 rpm, at an altitude of 35,000 feet. In this section 
calculations for a two bladed SR7L propfan are presented. The aerodynamic calcu-
lations are first performed on the 'hot shape'. The effect of blade flexibility is then 
included in the calculations. 
In figure (8) the elemental pressure coefficient difference is compared with exper-
iment for a 2-bladed SR7L propfan. The blade was operating at a free stream Mach 
number of 0.775 and advance ratio of 3.088. The 75% span setting angle was ad-
justed to match the power coefficient by a rigid body rotation of the blade about the 
pitch change axis. The pressure coefficient difference AC p (Cp, — Cp„) is plotted and 
compared against experimental data [27] at various span locations. The comparison 
is good, except near the leading edge on the outboard stations. 
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The effect of blade flexibility on performance was studied next for the SR7L 
propfan blade. The effect of flexibility is included by the aeroelastic iteration process, 
described earlier and shown in figure (2). 
It is important that the blade finite element model accurately reflects its struc-
tural characteristics, since the entire analysis process is centered around the stiffness 
matrix. The NASTRAN finite element model used in this study is based on the final 
blade design [24]. The SR7L blade has an aluminum spar, nickel sheath, and fiber 
glass shell with foam fill. The shell, adhesive, spar, and shell filler material were 
combined using the Composite Blade Structural Analysis (COBSTRAN) program to 
produce equivalent, monolithic shell elements [25]. The finite element model of the 
SR7L blade is shown in figure (9a). The model has 261 nodes and 449 triangular 
shell elements. Bar elements are used to model the shank. Multipoint constraint grid 
chords are used to define the shank/blade interface [26]. 
The validity of the above finite element blade model has been shown in reference 
[20]. Frequencies and corresponding mode shapes were calculated over a range of 
speeds for a blade setting angle of 58 degrees and compared with those of Ref.[24]. 
For the sake of completeness, the calculated frequencies and the experimental values 
are reproduced in figure (9b). The model showed good agreement at the first, third 
and fourth modes. The calculated second mode is much stiffer. This is a edgewise 
mode, which is the most sensitive mode to the support stiffness used in the finite 
element model. This mode is very difficult to model accurately [20], over a range 
of speeds because of nonlinear rotational effects. However, generally good agreement 
with the other modes implies an accurate determination of the blade's stiffness matrix, 
validating its use to calculate steady state deflections. 
The aero loads obtained from the Euler solver are transferred to the NASTRAN 
grid for structural deformation calculations. The loads required as inputs to NAS-
TRAN are the pressure differences at the centroids of the triangular element. As the 
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two grids are not identical, an interpolation of the data was required. A spline inter-
polation was used to obtain the loads at the centroids of the elements. The deflections 
obtained from NASTRAN, under these loads, are then used to define the new blade 
shape. The loads are then recalculated for this new blade shape, and the process is 
repeated till convergence. The effect of the aeroelastic iteration on the calculation is 
shown in figures (10) through (14). 
Figure (10) shows the 75% span twist or blade setting angle versus the iteration. 
The effect of centrifugal loads is seen as a change in the blade setting angle from 
iteration 0 to iteration 1. It shows that the centrifugal loads reduce the blade setting 
angle. This seems to be the largest effect on blade shape. Adding the deflections from 
centrifugal loads, to the blade shape gives the blade shape known as 'hot shape'. The 
loads obtained from this shape are then again used to obtain the new deflected shape. 
This iteration has been continued till the change in power coefficient is minimal. It 
shows that four iterations are sufficient for convergence to the final blade shape. 
In figure (11) the thrust coefficient is plotted against the power coefficient for 
subsequent iterations. The setting angle used in the calculations has been obtained by 
rigid body rotation of the hot shape so as to match the power coefficient obtained by 
experiments. The experimental point is also plotted. The power coefficient obtained 
from the hot shape (marked 1), compares well with the experiment. However, the 
power coefficient changes considerably (marked 2 to 4), as the blade is allowed to 
deform under this load. It can be seen from figures (10) and (11), that the initial 
change in shape, lead to large change in power coefficient. For this particular case, 
under which the blades are loaded heavily almost 40% change in power coefficient is 
observed when the effect of aerodynamic loading is included in the blade shape. The 
subsequent changes are not as large. Hence, in order to obtain a better comparison 
with experimental power coefficient and load distribution on blade, the blade setting 
angle should be chosen such that the converged shape power coefficient is compared 
against the experimental data. This requires some trial and error in selecting the 
'cold' or 'hot' shape from which the aeroelastic iteration should be started. Arriving 
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at the final blade shape might be critical for vibration and flutter calculations, as 
well. 
In figure(12) the relative change in twist angle over the span is plotted. This 
shows that the largest deflection occurs near the tip, with practically no deflection 
on the root sections. Also it should be noted that the variation in the blade twist is 
nonlinear and is largest near the tip. A rigid body rotation of the blade to account 
for the change in twist, would result in a linear variation along the span. This clearly 
shows that better performance calculations structural flexibility should be included 
in the analysis. 
Figure (13) shows the in-plane deflection of the blade planform and figure (14) 
shows the out of plane deflection of the blade at constant chord. Again, the largest 
deflection is towards the tip, with practically no deflection towards the root. Figure 
(12) through (14) show clearly, that rigidly rotating the blade to match the power 
coefficient, does not simulate the correct blade shape. Also, as seen from figure (11) for 
highly loaded blades, these small differences might change the loading considerably. 
Computer Requirements: 
All of the above computations were performed on the CRAY XMP24 computer 
available at NASA Lewis Research Center. For a grid size of 70 x 35 x 27, the total 
memory and CPU time per time step required were 1.8 MW and 2.4 sec. respec-
tively. The NASTRAN run required 100 cpu sec for 261 nodes, for each structural 
integration. 
Concluding Remarks 
This study showed that the hybrid scheme can be applied successfully to a propfan 
configuration (low aspect ratio, highly swept and very thin blades). In the numerical 
scheme described, the unsteady, time averaged Euler equations are solved in a fully 
conservative form. In the hybrid scheme two directions are treated implicitly and the 
spanwise direction is treated semi-explicitly. This reduces the computer time as only 
two costly inversions of the block tridiagonal matrix are required, corresponding to 
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the two directions that are treated implicitly. It also reduces the computer memory 
requirement, as only one level of information need to be stored at any given time, 
thus making it a more efficient scheme. 
From the present study following conclusions are drawn: 
1. The calculated power coefficient for SR3 showed good correlation with experi-
ment 
2. The elemental power coefficient variation with radius compared well with exper-
iment 
3. The pressure coefficient difference for SR7L agreed well with measured values 
4. The effect of aero loads was to compensate for the untwisting due to centrifugal 
loads 
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FIG. 1. BLOCK-INTERFACE BOUNDARIES. 	 FIG. 2. FLOW CHART OF THE AEROELASTIC 
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FIG. 3. EULER CALCULATIONS FOR A WING (REF. 20). M ee = 0.62; n o = 0.58° . 
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FIG. 4. DISTRIBUTION COEFFICIENTS FOR NAGA 0012 ROTOR 
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FIG. 6. POWER COEFFICIENT VERSUS ADVANCE RATIO FOR 
SR-3. 8-BLADED PROPFAN. M cc, = 0.8. 








(a) H-GRID IN STREAMWISE PLANE. I = 1 TO 60: J = 1 TO 16: 
K= 1 TO 1. 
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FIG. 7. ELEMENTAL POWER COEFFICIENT VERSUS RADIUS 
FOR SR-3, 8-BLADED PROPFAN. J = 3.002: m oo = 0.8; 
p = 60.5. 
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FIG. 8. PRESSURE COEFFICIENT DIFFERENCE AT VARIOUS RADIAL LOCATIONS FOR 2 BLADED SR-7L PROPFAN. M = 0.775: 
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(b) SR-7L FREQUENCIES VERSUS RPM (REF. 19). 
• 
FIG. 9. SR-7L MODAL ANALYSIS. 
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FIG. 10. BLADE SETTING ANGLE AT 75 PERCENT SPAN VERSUS 
AEROELASTIC ITERATION FOR SR-7L PROPFAN. J 3.088: 




















+ AIR LOAD 1 
+ AIR LOAD 2 
+ AIR LOAD 3 



















.10 	.15 	.20 	.25 	.30 
	.35 	.40 
POWER COEFFICIENT. Cp 
FIG. 11. CALCULATED THRUST COEFFICIENT VERSUS POWER 
COEFFICIENT FOR EACH AEROELASTIC ITERATION SR-7. 
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FIG. 12. CHANGE IN BLADE SETTING ANGLE VERSUS BLADE 
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FIG. 13. IN PLANE DEFLECTION OF BLADE PLANFORM FOR 
SR-7L. 2 BLADED PROPFAN. M = 0.775: J = 3.088: 
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FIG. 14. OUT-OF-PLANE DEFLECTION AT MID CHORD FOR 
SR-7L. 2-BLADED PROPFAN. M = 0.775: J = 3.088: 
0 = 54.6°. 
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